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ABSTRACT

Chloromethyl methyl ether, 6, generated In situ by reaction
of dimethoxymethane with acetyl chloride, was employed to chloromethylate condensation polymers containing oxy-l,4-phenylene repeat unit,
i.e. poly(oxy-2,6-dimethyl-l,4-phenylene), 3* polyarylether sulfone,
4, and acetylated phenoxy resin, 10.

To minimize concomitant cross-

linking, the optium reaction ratios are 20:1:0.1 for reagent 6 to
polymer to SnCl^ catalyst.

One chloromethyl group per activated

aromatic ring could be introduced: the corresponding concentration of
active sites were 5.8, 3.5, and 4.6 meq/g for derivatives of 3, 4, and
10, respectively.

All of the derivatives were characterized by NMR,

DTA, and TGA techniques.
A model segment of polyarylether sulfone was synthesized by
condensing 4-chlorophenyl phenyl sulfone with the disodium salt of
bisphenol-A.

Chloromethylation of the model segment yielded a bis-

chloromethyl derivative, 14.

Quaternization of 14 with tertiary

amines in DMSO proceeded to completion: no deviation from second
order kinetics was observed.
The initial quaternization rate of chloromethylated polyether
sulfone, 9, with either triethylamlne or quinuclidine was nearly
identical to that of 14 under comparable conditions, but decelera
tion of the reaction on the polymer was apparent at approximately
50% conversion.

The rate retardation could not be attributed to

steric effects, the extent of chloromethylation of 4, or salt effect.

xiii
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In the quaternization of chloromethylated acetylated phenoxy resin,
11, with triethylamlne in DMSO, a rate retardation was observed
60% conversion.

at

Normal second order kinetics was observed for quater

nization of poly(vinylbenzyl chloride).

These results demonstrate

that the flexibility of the polymer backbone plays an important role
in polymer reactivity, particularly when there is a significant change
in the polarity of the modified polymer.

Rigid polymer chains can not

undergo the conformational changes necessary to form charged domains.
Quaternization of the moderately .flexible 11 with either 2-hydroxyethyldimethylamine, 18, or bis(2-hydroxyethyl)methylamine, ]J, in
DMSO proceeded with autoacceleration.

Selective solvation of the

developing charges by the hydrophilic hydroxylated substituents may
contribute to the rate enhancement.

However, quaternization with

tri(2-hydroxyethyl)amine exhibited rate retardation when approximate
ly 20% of the functional groups had reacted.

Reactions of 1J and 19

with 9 also developed a negative deviation from second order kinetics
as the reaction proceeded.

l x 1’
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Chapter 1

Introduction

1
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1.1

Functionalization of Polymers
In recent years, especially following M e rrifie ld 's revolutionary

invention of solid-phase peptide synthesis, 1 there has been a
steadily Increasing in terest in the a p p lic a b ility of polymers as
participants in chemical reactions.

A high level of a c tiv ity has

been devoted to the f ie ld of the application of functional!'zed
polymer matrices in organic chemistry, including polymeric reagents,
polymeric bound catalysts, in e rt polymeric c a rrie r for substrates,
polymeric protecting groups, and polymeric phase transfer catalysts.
The rapid growth in this fie ld can be illu s tra te d by the growing
number of review articles2-27 and

m o n o g ra p h s ^ ,

29 published

during the past decade.
An essential step in u tiliz in g functionalized polymers is , as
one would expect, the attachment of appropriate functional groups to
a macromolecular backbone.
principal methods.

Basically, this can be achieved by two

The f i r s t is to polymerize or copolymerize

suitable monomers containing the desired functional groups.

The

second method involves performing one or more modification reactions
on a suitable polymer to introduce the desired functional groups on a
pre-synthesized polymer.
Most of the work involving functionalized polymers has been
carried out on polystyrene resins.

Polystyrene f u l f i l l s the major

c r ite r ia for chemical modifications, I . e . i t is chemically stable but
easily functionalized, i t Is compatible with most organic solvents,
it s hydrocarbon backbone is resistant to attack by most

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3

reagents so various transformations can be affected without degrading
the polymer chain, and the aromatic rings are s u ffic ie n tly reactive
to be easily functionalized by means of electro p h ilic aromatic
substitution.

Scheme 1-1 lis ts some examples of functionalized

polystyrene based on e le c tro p h ilic aromatic substitution procedures.
In addition to applications in organic synthesis of specialized
polymers, electro philic aromatic substitution has been used on an
industrial scale, two typical examples are sulfonation, and
chloromethylation followed by quaternization, of styrene-divinyl benzene
resin to produce cation and anion exchange resins, respectively.
The polymers used in chemical modifications are generally derived
from vinyl monomers, l i t t l e attention has been directed toward
condensation polymers.

Condensation polymers can not be prepared

with s u ffic ie n tly high molecular weight or satisfactory chemical
s ta b ility for most applications involving flocculation or viscosity
enhancement.

However, the excellent mechanical properties exhibited
i
by many aromatic condensation polymers suggest that speciality
applications, in p a rtic u la r, permselective membranes, could be served
by suitably modified resins.
Although several methods are applicable to modify polymers,
chloromethylation is the most frequently used method due to the
high re a c tiv ity of the benzylic chlorine Introduced.

Facile

displacement by nucleophiles, such as alkoxldes, carboxylates, or
amines, occurs to produce a spectrum of derivatives (Scheme 1 -2 ).
some selected applications of these derivatives are shown in
Scheme 1-3.
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Scheme 1-1.

Functionalization of Polystyrene via Electrophilic
Aromatic Substitution.

Ref.
~CH

Br2, KOH

CH3COCI

(30,31)

AICI3
joh

HNO3

SnCtg

0

(32)
0

NOz

NHe

CHaOCHga ^
(33)

SnCl4
2CI

HzS04

(34)
SOs

Br2

n-BuLI
THF

TICIs

CO:

Br

V
(35)

PPKz
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Scheme 1-2.

Functional Groups Introduced into Polymer via Chioromethylated Polymers.

Ref.
HBr/AcOH

------------

„

___

~CH2Br

NoHCOs^* ~CHO

(49)

- r 0 ] — ~COOH 9X12

• ~COCI

ChfeCI KCN/DMSg ~CH2CN

(51)

g f f * * » ~CH20CCH3 UAIH*
UMAC

|1^

(51)

- ~CH20H

-CHzOCOfe

(52)

-CffeOH

(53)

0

CHatCNfe

PTC OH1" ~CH2CH2

PTC,0H

UAIH4

------------ ~CH2CH2

'CH2 NH2

(53,54)

6

Scheme 1-3 .

Directed Application of Chioromethylated Polymers.

Ref.
polymer bound transition metal catalyst

~ c h 2 CH~
(1) MPPha , M-Ll ,Na ^

r^CHe-PCPhgjRhCPPhaJsCl

(2) (Ph3P)3RhCl

(36-40)

CH2C1
polymer bound phase-transfer catalyst
N(CH3 )g(n-C4H9 )P(n-C4H 9 )3------

rM3H2-$(CH3 )2 (n-C4H9 ) Cl"
^ C H 2-t(n-C4H9 )3 Cl"

(41-43)
(44-45)

lon-exchange resin reagent (bromine reagent)
» ( a k ~ C H 24 ( C H 3 )3
r1-

(l) 1,a0H ► ~ C H 24 ( C H 3 )3
(2) HBr
B (3) Br2 /CCl4

polymer bound photosensitizer

i^-CHg-Rose Bengal

(47-48)
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Regardless of Its advantages in modifying polymers,
chloromethylation suffers a major drawback in that commercial
chloromethyl methyl ether, the conventional chioromethylating agent,
contains bis(chioromethyl) ether which is highly carcinogenic . 55
Recently, Amoto, 55 e t a l, reported that chloromethyl methyl ether
can be generated from acetyl chloride and methylal without the highly
toxic bis(chioromethyl) ether contaminant, and the reaction mixture
can be used d ire c tly .

In chapter 2, a detailed lite ra tu re survey on

the techniques of polymer chioromethylations w ill be given, and the
procedures developed to modify condensation polymers w ill be
discussed.

1.2

Chemical Reaction on Polymers
Chemical reactions involving polymers possess many Important

aspects which makes th e ir study especially a ttra c tiv e .

F irs t of a l l ,

from a practical point of view, i t is evident that chemical
transformations make i t possible to modify physical properties of
polymers and adapt them to new materials fo r technical uses.
Secondly, the knowledge obtained from the research of polymer
reactions provides a deeper understanding of the properties of
polymers.

Chemical transformation of polymers generally refers to

active functional groups attached on the polymer chain rather than
modifications of the polymer backbone.

The functional group would

e ith e r react with a low molecular weight reagent or release a small
molecule during the transformation.

A typical example for the f i r s t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

case is quaternization of chioromethylated polymer with amines; the
formation of polyvinyalcohol by

h y d r o ly s is

0 f

poiyvinyl acetate

represents the second case.
I t is usually assumed that the re a c tiv ity of a functional group
1n

a polymer and 1 n a low molecular weight analogue is the same.

This Is the well known assumption that functional group a c tiv ity 1s
Independent of molecular size which was employed by Flory 5 7 * 58 to
ra tio n a lize polymerization kinetics.

However, I t has been recognized

th a t, for some cases, the re a c tiv ity of polymeric functional groups
are subject to some lim itations 1n chemical reactions which are
Inherent to the macromolecular nature of the substance.59-65
For Instance, the reaction rate and maximum conversion observed in
the reactions Involving polymer functional groups often d iffe r
s ig n ific a n tly from those of the corresponding low molecular weight
homologue.

The difference 1n re a c tiv ity of a p a rticu lar functional

group attached to a polymer can be attributed to several special
e ffects inherent to the polymer matrix; of p a rticu lar Importance are
e le c tro sta tic e ffec ts , neighboring group e ffec ts , and sterlc e ffec ts .

E lectrostatic Effects
Polymer reactions involving the conversion of uncharged
functional groups to charged groups often exhibit e ith er enhancement
or depression of the re a c tiv ity of functional groups on polymers
re la tiv e to th e ir behavior in corresponding low molecular weight

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

homologues.

As one would expected, the reaction of a charged polymer

with a charged reagent results in acceleration for oppositely charged
species, and retardation when the charges are the same.

Although

this phenomenon is also observed in the low molecular weight species,
th is e ffe c t would be expected to be s ig n ific a n tly magnified i f one of
the reagents is a polymer, since the ionic density is much higher for
polymer carrying a large number of ionic groups, and this is found
indeed to be the case.
A typical example of retardation in reaction is the
saponification of poly(mett\yl methacrylate) catalyzed by KOH in
aqueous media. 66

In this reaction, the rate constant decreases

by about an order of magnitude as the reaction proceeds.

This

retardation is due to e lectro static repulsion between 0H“ and the
developing carbonyl ate anions.

Owing to the repulsion of two same

charge species, the effec tive concentration of 0H“ within the
polymer domains decrease; consequently, the hydrolysis rate
progressively decreases with increasing conversion.

Under sim ilar

conditions, the alkaline hydrolysis of polymethacrylamide67 also
exhibits deceleration in rate.

Again, this decrease can be

attributed to the accumulation of negative charges on the polymer
chain which repel the hydroxide ion.

This type of interaction is

responsible for the conversion lim ita tio n of («/> 11%) imposed on
the alkalin e hydrolysis of polymethacrylamide.
Enhancement in re a c tiv ity is observed for the displacement
reaction between p a rtia lly protonated poly-4-vinylpyridine with
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2-bromoacetate ions . 68

This phenomenon can be explained

q u a lita tiv e ly by the mutual e lectro static attractio n of charged
polymer with bromoacetate ions.

Neighboring Groups Effects
I t is well known that stereoregular polymers, i . e . , iso tactic,
a ta c tic , and syndiotactic polymers, can be prepared under certain
conditions.

This stereoregularity may indeed play an important role

in polymer reactions, thus, the re a c tiv ity of a functional group on
a polymer chain is affected directly by an adjacent neighboring
group.
The saponification of polymethyl methacrylate involves rate
retardation in aqueous media with high OH" concentration, as
described above.

In contrast, in weaker basic media, such as

pyridine-water (9 5 :5 ), the same reaction proceeds with autoacceleration
when Isotactic polymethyl methacrylate is used. 66

The tenfold

increase in the rate when a ll the functional groups are aligned on
the same side of the polymer backbone can be explained by anchimeric
assistance; a fte r the in it ia l formation of some carbonylated anions,
the subsequent hydrolysis of an ester group is enhanced by the
formation of a cyclic anhydride intermediate as shown below:
OH'

R
9 H3
CH3
~ch2-c -c h 2- c ~
COO' ioOH
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The extent of the anchimeric assistance is dependent upon the specific
stereochemistry of the polymer used; syndiotactic polymers cannot form
the intermediate and only selected sequences are suitably aligned in an
atactic polymers.

Steric Effects
Steric effects may also be responsible for changing re a c tiv ity
of functional groups in polymer molecules.

For instance, the degree

of sulfonation of poly(vinyl alcohol) is dependent on the molecular
size of the sulfonyl substituent which is introduced. 69

The degree

of sulfonation decreases in the following sequence: methanesulfoqyl,
benzenesulfonyl, p-toluenesulfonyl, a-naphthalenesulfonyl.

This

sequence is consistent with the increase in steric bulk in a
neighboring position along the polymer chain.

Long Range Effects
The re a c tiv ity of a functional group on a polymer backbone can
be modified by the conformation of the polymer in solution . 61
Polymer chains can exist either in the form of helix or random coil
and the extent to which the coil 1 s expanded can influence the
accessib ility of a functional group toward the reagent in solution.
In general, higher re a c tiv ity Is found for the compact polymer c o il,
since the local concentration of functional groups is higher than for
the more expanded c o il.

In tra - and intermolecular hydrogen bonding
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12
may produce substantial variations in re a c tiv ity .

For instance, the

hydroxyl groups in cellulose have three d iffe re n t r e a c tiv itie s . 70
The hydroxyl at C-2 is s lig h tly more reactive than that a t C- 6 which
is intermolecularly hydrogen bonded.

The C- 6 position is about four

times more reactive than the hydroxyl at C-3, which is hydrogen
bonded intramolecularly to an adjacent pyranose oxygen.

t
/

HO

OH
HO

OH

The purpose of this research was to ascertain the influence of
the polymer backbone on polymer re a c tiv ity .

Chloromethylated

polymers with high glass transitions were prepared to evaluate the
re a c tiv ity of re la tiv e ly rig id resins.

Indeed, differences in

quaternization rates and rate p rofiles between rig id and fle x ib le
resins were observed.

E ffic ie n t techniques for the chloromethylation

of condensation polymers are described (Chapter 2 ).

The re a c tiv ity

of the chloromethylated polymers with tr ia lk y l amines and hydroxyalkylamines 1s discussed 1n Chapter 3 and 4.

F in a lly , the spectral

and physical properties of the quaternized polymers are summarized in
Chapter 5.
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Chapter 2

Chloromethylatlon of Condensation Polymers

13
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2.1 Introduction
E lectrophilic aromatic substitutions have been the most widely
used reactions to modify, or to functionalize, polymers containing
active aromatic rings, including polystyrene.

These aromatic

•

substitution reactions include chloromethylation,33,71,72
F rie d e l-C ra ft acylation 36 and a lk y la tio n , 73 n itr a tio n ,32
sulfonation 35 and halogenation,34*74.

Among these reactions,

chloromethylation has become the most frequently used method to
modify polymers.

Cationic ion-exchange resins and M e rrifie ld 's 10

solid-phase peptide synthesis are well known illu s tra tio n s of the
u t i l i t y of reactive chloromethyl groups pendant to a styrenedivinyl benzene copolymer backbone.

Recently, chloromethylated

polymers have been used as precursors for the synthesis of
polyelectrolytes, polymer-bound catalysts, and polymer-bound reagents.
Although d irect chemical modification of preformed polymers is
widely practiced, the process is accompanied by undesirable side
reactions, i . e . crosslinking33»71 and/or degradation of the
polymer backbone.

For example, sulfonation of polystyrene7 5 * 76

proceeds prim arily to y ie ld 1^, but crosslinked structure 2 is also
produced.

During n itra tio n of poly[oxy-2,6-dim ethyl-l,4-phenylene ] , 77

I
l
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been observed with accompanying loss of physical properties.
Complications arise during chloromethylation due to the crosslinking
produced by the secondary alkylation between a substituted aromatic
ring and unsubstituted u n it, as shown in Equation 2-1.

(2- 1 )

~CH-CH2~

This side-reaction influences the applications of chloromethylated
polymers.

For example, in the case of lin e a r polystyrene, the

alkylation produces a cross-linked insoluble structure which is
d if f ic u lt to characterize and to fabricate.

Treatment of a

styrene-divinyl benzene copolymer introduces additional crosslinking
and reduces accessibility to the active sites.

The side-reactions can

be minimized by careful choice of catalyst and reaction conditions.
A ltern ately, soluble chloromethylated polystyrene can be
synthesized by polymerizing a commercial mixture (60:40) of meta- and
para-vinylbenzyl chloride . 78

Arshady79 e t .a l. reported a

convenient route to synthesize pure 4-chloromethylstyrene from
4-methylacetophenone; subsequent reactions of homopolymers of the pure
para isomer were not subject to rate variation due to d iffe re n tia l
isomer re a c tiv ity .

The major advantage of polymerizing suitable
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monomers to obtain functlonallzed polymers 1s the control of structure
and distribution of substituents in the fin al polymer matrix.
Unfortunately, this method can not be universally applied because of
Its Inherent lim itations - a) d iffic u lty 1n reactive monomer synthesis
and b) low polym erlzabillty of polyfunctional monomers.
Polystyrene, the most extensively used substrate for chemical
modification, possesses many advantages, i . e . , i t is an Inexpensive,
stable, readily available polymer, that can be functlonallzed by many
routes, and can be crosslinked easily by copolymerizing with
divinylbenzene.

Conversely, l i t t l e attention has been paid to

condensation polymers containing active aromatic rings, such as
poly(p-phenylene oxide) or PPO, 3^polysulfone,4^and phenoxy
re s in ,5.

(Note a ).

4

5
S3

Note a.

Correct IUPAC nomenclature:

PPO, poly[oxy-2,6-dimethyl-

1.4-phenylene]; polysulfone, poly[oxy-l,4-phenylenesulfonyl1 .4-phenyleneoxy-1,4-phenylene(1-methyl ethyl1dene)-l,4-phenylene];
phenoxy resin, poly[oxy(2-hydroxy-trimethylene)oxy-l,4-phenylene( 1-methyl 1 dene) - 1 , 4-phenylene].
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The thermal and mechanical properties of these polymers are generally
superior to those of polystyrene.

These polymers can be fabricated

into permselective membranes for special applications.

Suitable

chemical modification can a lte r the hydrophilic/hydrophobic balances
within the membrane and should lead to enhanced perm selectivity.

2.2 Chloromethylation
2.2.1 Reagents
Chloromethyl ethers, mainly chloromethyl methyl ether, 6_,
are the most frequently used reagents employed in chloromethylation of
Various precursors to formaldehyde together

p o l y m e r s l '3 3 . 7 1 , 7 2 .

with anhydrous HC180 or with AICI381 have been used to
generate bischloromethyl ether in s itu .
a good

s o l v e n t 8 8 ,7 1

Chloromethyl methyl ether is

f 0r polystyrene and rapidly swells crosslinked

styrene-divinyl benzene copolymers; no other solvents are required, but
chloroform or 1 ,1 ,2,2-tetrachloroethane can be used as diluents.

In a

polystyrene system, diluents such as 1 , 1 , 2 , 2 -tetrachloroethane,
dichloromethane, or p a raffin ic hydrocarbon fa ile d to produce a
s ig n ific a n t e ffe c t on chloromethylation.

Pepper2 e t .a l. found

th at addition of a poor solvent, lig h t petroleum ether, promoted the
formation of cross-linked insoluble product at very low levels of
substitutions.

In the case of polymers which are not soluble or

swollen in CH3 OCH2 CI or other chloromethylating agents,
1 , 1 , 2 , 2 -tetrachloroethane,

employed as solvents.

chloroform, or dichloromethane can be

We have found that chloromethyl methyl ether
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diluted by these solvents is an effective chioromethylating agent for
various polymers containing active aromatic repeat units.
Although chloromethyl methyl ether is a valuable agent for
chloromethylation, i t suffers from the following sign ificant
disadvantages:
1) Chloromethyl methyl ether is highly v o la tile so reactions must
be conducted in pressure vessels, or in a e ffic ie n t refluxing system.
2) The purity of ether is very c ritic a l in the control of both
the extent of chloromethylation and the extent of crosslinking.
3) Chloromethyl methyl ether is a suspected mild carcinogen;
further, the commercial preparation contains the strongly carcinogenic
bis(chioromethyl)ether55, and extreme precautions must be taken to
lim it exposure to the reagent.

Many approaches have been used either

to avoid using chloromethyl methyl ether, or to find an alternate
method to prepare pure chloromethyl methyl ether.
l-Chloromethoxy-4-chlorobutane and 1,4-bischloromethoxybutane
have been reported as effective chioromethyl ating agents of low
molecular weight aromatics, i. e . benzene, toluene, xylenes, by 01 ah
and c o -w o rk e r s .T h e s e two reagents can be used to chioromethylate
polystyrene,83 polysulfone and PP0.84

The major advantage of

l-chloromethoxy-4-chlorobutane and 1,4-bischloromethoxybutane over
chloromethyl ether is the low v o la tility of these reagents;
consequently, the potential for exposure to the carcinogenic materials
is reduced.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

19

A modified method to prepare chloromethylated polystyrene was
developed by Schwachula, 85 e t .a l.

Chlorosulfonic acid was added

dropwise to a reaction vessel containing dimethoxymethane.

Then,

polystyrene was added slowly while s tirrin g at room temperature, and
the whole mixture was heated to 40°C.

High degrees of chloromethylation

could be achieved, but the presence of sulfur in the fin al product
demonstrates that concommitant sulfonation occurred.

Nattrass 86

reported an alternate method to prepare chloromethyl methyl ether by
mixing acetyl chloride and methyl alcohol at room temperature.

The

reaction was extremely exothermic; d if f ic u lt to control, and many
by-products were produced.

Amoto56 and co-worker have modified

this simple synthesis of chloromethyl methyl ether by substituting
dimethoxymethane as the source of alcohol.

In the presence of a

c a talytic amount of methanol, the reaction occurs in two steps as
shown 1 n the following equations:

CH3 COCI

+

CH3 OCH2 OCH3

CH3 OH

+

HCI

— ►

HCI

+

—

CH3 OH

CH3 COOCH3

+

(2 -2 )

CH3 OCH2 CI (2 -3 )
6

KB

and overall reaction as shown in Equation 2-4.

CHj-C^0

+

CH3OCH2OCH3

-2)s2t!*

CH3OCH2CI

+

CH3COOCH3
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There are several advantages to using this process to prepare
chloromethyl methyl ether:

a) The mixture does not contain

bischloromethyl ether; b) No work-up procedure is required; c) The
reagents are quantitatively converted to a chloromethyl methyl ether methyl acetate mixture, 6 a, that contains 6 mmole/ml of ether. The
ether-ester mixture can be used d irectly as a chioromethylating agent
fo r PPO, polysulfone and phenoxy resin (vida in fra ).

2 .2 .2 Catalyst Selection
As in most F rie d e l-C ra ft alkylations of aromatic compounds,
catalysts are required fo r chloromethylation of polymers.

The

catalysts used in chloromethylation of low molecular weight compounds
can be either Lewis acids or Bronsted acids, however, for polymeric
systems, Lewis acids are preferred.

The prerequisites of an effective

catalyst are that i t should be an effective promoter of the
chloromethylation, but i t should not promote cross-linking.
The Lewis acids, SnCl4 , A1C13 and FeCl3 are the most
frequently used chioromethylating catalysts.

I n it ia ll y Jones33

used ZnCl2 as catalyst in the presence of £ to chioromethylate
polystyrene, poly (a-methylstyrene), and styrene-isobutylene
copolymers.

The classic work by Pepper,71 employed SnCl4 and

chloromethyl methyl ether to chioromethylate polystyrene and
styrene-divinyl benzene copolymers.

Stannic chloride was also used as

a catalyst in chloromethylation of polyethylene/poly(styrene-cdivinyl benzene),®? poly- 2 -methylphenylene oxide,®® and
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high-crosslinked polystyrene . 89

S ty ren e-a c rylo -n itrile -

divinyl benzene has been chloromethylated in the presence of AICI3
and £ . 90

Chloromethylation of hexahydro-1,3 , 5 -tria c ry lo y l-s -

triazine-styrene copolymer was carried out by Belfer 2 9 »30 using
ZnCl2 » AICI3 or FeCl3 as the catalyst in the presence of £ .
Stannic chloride was u tiliz e d o rig in ally by M e rrifie ld 1 to
prepare chloromethylated styrene-divinyl benzene copolymer for
solid-phase peptide synthesis.

Later Feinberg and M e rrifie ld 71

reported that ZnCl2 was a better catalyst than SnCl4 , because
the c a talytic a c tiv ity of SnCl^ was higher than that of ZnCl2
and the degree of substitution, which was an important factor for
peptide synthesis, was d if f ic u lt to control.

Sparrow93 claimed

th at the active chloride contents could be controlled easily within
the range from 0 .1 to 0 . 6 meq/g polymer, which was suitable for
peptide synthesis, by regulating the amount of BF3 *Et 20
catalyst.
In contrast to F ried el-C raft alkylation , AICI3 is not desirable
fo r use in chloromethylation of polymers, because i t was found that
A1 C13 could not be completely removed, even a fte r repeated
washing.

Neckers94 prepared a stable A1Cl 3 -polystyrene

complex by treating styrene-divinyl benzene ( 1 . 8 % cross-linked) with
anhydrous A1C13 in CS2 followed by addition of cold water.
This complex has been u tiliz e d as a catalyst for several organic
reactions, including e ster , 95 ether , 94 and acetal 96
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formation.

The complex was id en tifie d by an increase in color

intensity of the polymer and by the development of a characteristic IR
band at 1650 cnH ; i t has a s h e lf-life of over a year, and is not
easily hydrolyzed by water.

These results suggest that extreme care

must be taken to assure complete removal of catalyst residues from
chloromethylated polymers.
The nature of a catalyst has a significant influence on the rate
of chloromethylation, and on the degree of the conversion achieved.
S ietlo v9? and co-workers studied chloromethylation of styrenedi vinyl benzene beads, ( 6 % crosslink density, 0 .0 5 -0 .1 5 mm diameter) in
the presence of £ and a series of catalysts.

By comparing the

extent of active chloride introduction within a specific period at
d iffe re n t temperatures, 1 t is possible to arrange the catalysts in the
following a c tiv ity sequence:

SnCl4 > ZnCl2 > AlClg > SnClg > FeClg

The presence of heteroatoms in the polymer backbone Increases the
complexity of catalyst selection.

For instance, PPO, 3_, exhibits a

unique dependence upon the nature of the catalyst because the phenoxy
ether backbone unit of PPO tends to complex with the Lewis acids and
stable, inactive polymer complexes are formed with TiCl^,
ZnCl2 » A1Cl3 and ASCI3 . 8 4

The only suitable catalyst to effec t

chloromethylation of PPO is SnCl4 .

SbCls could be used as a

ca talyst, but i t tends to promote rapid cross-linking and only low
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degrees (~ 10%) of substitution are observed.

In contrast,

polysulfone and phenoxy resin can be chioromethylated in the presence
of most acidic halides (SbCl5 , ASCI3 , TiCl 4 , SnCl4 and ZnCl2 )•
Among these, SnCl4 is the f i r s t choice because the concomitant
degradation and crosslinking reactions are minimized.

2 .2 .3 .

Reaction Conditions

Both polystyrene and cross-linked styrene-divinyl benzene
copolymers have been extensively studied to determine optimum reaction
conditions for chloromethylation.

Pepper71 and co-workers found

th at lin e a r polystyrene, dissolved in a large excess of chloromethyl
ether (16.5 mole of ether:

1 eq. of polymer) at either 50°C or 45°C

did not cross-link and that chloride contents of about 2 2 % and 2 0 %
respectively could be achieved (the maximum chloride content for
monosubstitution is 23.3%).

At 45°C, doubling the concentration of

polymer yielded sim ilar results except that cross-linking occurred at
a chloride content of 20%.

C learly, increasing the concentration of

polymer favors the onset of cross-linking.

These results are

consistent with those reported by Jones33 in his study of
chloromethylation of polystyrene.

They also suggested that

crosslinked sites favor the occurrence of further crosslinking during
the chloromethylation process due to the following two considerations:
( 1 ) the effective concentration of polymer in chloromethyl methyl
ether is determined by the amount of ether absorbed by the swollen
copolymer, and the chain concentration in the region of crosslinks is
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re la tiv e ly high; (2) according to Jones' 33 observation, the
occurrence of crosslinking is favored by an increase in the molecular
weight of polystyrene.

Indeed, they found crosslinking occurred

during the process of chloromethylation of copolymers containing 2 % or
4 1/2% divinyl benzene at about 75%
substitution.
Condensation polymers, containing o*yphenylene repeat units, PPO
3^, polysulfone, 4^ and phenoxy resin,

are activated for

e le c tro p h ilic substitution, including chloromethylation.

The

chloromethylation of PPO was investigated in it ia ll y in an attempt to
find the optimum conditions under which degradative and crosslinking
side reactions might be avoided.

Poly(oxy-2,6-d1m ethyl-l,4-

phenyl ene), PPO, is not soluble in chloromethyl methyl ether;
therefore, i t is necessary to use chloroform as a solvent.

A

chloromethyl methyl ether/methyl acetate mixture prepared as described
e a rlie r was employed as a chioromethylating agent; the only suitable
catalyst was SnCl/;.

Since both PPO and chloromethylated PPO are

soluble in chloroform, the onset of gelling or formation of an
insoluble product indicated cross-linking.
The substrate catalyst ratio plays an important role in
controlling reaction s e le c tiv ity - a low ra tio of PP0 :SnCl4 w ill
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promote secondary alkylation and crosslinking.

(Table 2 -1 ).

Table 2-1 Influence of SubstraterCatalyst Ratio on
Chloromethylation of Poly[oxy-2, 6 -dimethyl 1 ,4-Phenylene]
Run*

PP0:SnCl4

Ether:PP0

CH2 Cl-substitution(% )

Gelation time, hr.

1

20

10:1

86

2

10

10:1

100

3

5

10:1

cross-linking

1

4

10

5:1

cross-linking

1.5

♦Reaction conditions: 1 g (9.1 meq) of PPO in 20 ml CHCI3 , 16 ml
mixture containing 96 mmole of £ , temp. 63°C, time 5 hours.

High ratios of PP0 :SnCl4 give insoluble products in a short
reaction period.

A low ra tio of PP0 :SnCl4 required a prolonged

reaction time and consequently a high-risk of cross-linking.

A 10:1

ra tio of PP0 :SnCl4 proved to be the best choice for balancing
reaction rates and extent of cross-link formation.
In order to f a c ilit a t e an investigation of the substitution
k in e tic s , a rapid quantitative technique for characterizing the extent
of chloromethylation had to be selected.

Many techniques are

available to determine the degree of chloromethylation, including
elemental analysis of chlorine.

Laskorin98 and co-worker reported

that IR offered a rapid method to check the degree of
chloromethylation.

They used a ra tio of the characteristic
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unsubstituted polystyrene band at 702 cm- ! and the in-plane bending
vibration of -CH2 CI at 1267 cm"l to determine the %
substitution.

For a PPO system, an NMR technique provided an

e ffe c tiv e and convenient method to determine % substitution.

The NMR

spectra of 85% chloromethylated, 7_, and fu lly substituted PPO,
8

, are shown in Figure 2-1 and 2-2, respectively.

The chemical

s h ift of -CH2 CI appears at 4.95 ppm, the substituted Ar-H appears
a t 6.09 ppm, and the unsubstituted Ar-H appears at 6.46 ppm.

From the

area ra tio of the aromatic protons peaks at 6.09 ppm and 6.46 ppm, i t
is possible to determine % substitution.

Comparison between the NMR

data and elemental analysis showed that the NMR technique correlated
d ire c tly the substitution determined by elemental composition.
Cross-linking can be avoided by using excess chioromethylating
agent, since i t can minimize the competition between the ether and the
substituted benzyl chloride for the unsubstituted aromatic rings.
Reduction of the ra tio of £ to PPO below 10 produced crosslinked
product within 1.5 hours (Table 2-1, run 4 ).

This result agreed with

the findings of Pepper.71
The results obtained from preliminary runs (Table 2-1) show the
acceptable balance between the rate of crosslinking and substitution
could be achieved using a ra tio of chloromethyl methyl
ether:PP 0 :SnCl4 = 10:1:0.1.

The extent of chloromethylation of

PPO a t various temperatures are shown in Figure 2-3, where 100%
substitution corresponds to 1.0 chloromethyl group per PPO repeating
u n it.

No cross-linking was observed under those conditions.

High
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Figure 2-3

Extent of chloromethylation of PPO achieved at various
temperatures; 6 :PPO;SnCl4 =1 0 :1 :0 .1 ; 3 g PPO {0.02497 eq.)
41.6 ml 6 a (0.2497 mole of 6 ) , and 0.292 m SnCl4
(0.00249Tmole) 1n 60 ml of CH3 C I.
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loading, up to 100% substitution of chloromethylated PPO, can be
easily achieved within 3 hours under refluxing condition (62°C).

A

smooth, controllable chloromethylation especially well suited to the
production of resins of low substitution can be achieved by using low
temperature.

Nevertheless, the rate of chloromethylation of PPO was

found to be extremely fast compared to a sim ilar reaction with
polystyrene which fa ile d to react with the chloromethyl methyl
ether-methyl acetate mixture.
In applying these results from chloromethylation of PPO to
polysulfone, £ , i t should be mentioned that polysulfone is less
reactive than PPO; therefore, more extreme reaction conditions are
needed.

Chloromethylation of polysulfone yields a maximum of two

-CH2 CI substituents per repeating u n it, as shown 1 n
substitution can be detected on the aryl sulfone rings.

no
Chloro

methylation on the aryl sulfone rings fa ile d because of the powerful
deactivating influence of the sulfone group.

9

m

1 ,1 ,2,2-Tetrachloroethane was chosen as the solvent for
chloromethylation of polysulfone.

Results obtained with 0.1 mole of

SnCl4 per mole of polysulfone are shown 1n Figure 2-4.

Under more

d ilu te conditions (2 0 mole of ether per equivalent of polysulfone), no
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IOO-1

CONVERSION (%)
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60-
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Figure 2-4.

Extent of chloromethylation of polysulfone achieved at
various temperatures.
o, reaction temperature: 96°C, 6 : polysulfone:
SnCl4 = 20:1:0.1. (7 g of polysulfone, 52.72 ml of
6 a , and 0.185 ml of SnCl4 in 140 ml
T 7 l,2 ,2 - tetrachloroethane)
□ , reaction temperature: 113°C, £:polysulfone:SnCl4 =
10 :1:0 .1 . (7 g of polysulfone, 2E.36 ml of 6 a,
and 0.185 ml of SnCl4 in 140 ml 1 ,1 ,2 ,2 - tetrachloroethane)
■ , g e l-lik e product
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cross-linking was observed up to 99% conversion, corresponding to 1.98
-CH2 CI per repeating u n it.

Since there are two active sites per

repeating unit of polysulfone, a 20 to 1 ra tio of ether to polysulfone
corresponds to 10 to 1 per active s ite .

In the run with twice the

concentration of polysulfone, a gel-point is reached at about 75%
conversion (1.5 -CHgCl per repeating u n it).
Phenoxy resin,

was synthesized by condensing

2 ,2 -b is ( 4-hydroxyphenyl) propane (bisphenol A) with epichorohydrin88
as shown in Scheme 2-1.

Using a 1:1 molar ra tio of these two monomers,

this method is applicable to the preparation of an amorphous
thermoplastic with high molecular weight, 5_, which is thermally
stable and can be fabricated by conventional thermoforming
techniques.
I t has been observed that phenoxy resin, 5_, was cross-linked
easily during chloromethylation by 1,4-bischloromethoxybutane and
SnCl^ in 1 ,1 ,2,2-tetrachloroethane . 8 4

The occurrence of

cross-linking was attributed to the free hydroxy group pendant to the
phenoxy resin backbone; in order to avoid the side reaction, an ester
protecting group was introduced according to the method reported by
Reinking and co-workers. 100

A fter treating phenoxy resin with

acetic anhydride in pyridine, the absence of the characteristic -OH
absorption at 3500 cm-1 and the appearance of carbonyl absorption
a t 1760"1 cm-1 strongly supports the quantitative
transformation of -OH to ester, 10.
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Scheme 2- .

Synthesis of Phenoxy Resin 5, Acetylated Phenoxy Resin,
10, and Chioromethylated Acetylated Phenoxy Resin,

IT .

n

+

n C^ ? H"CH2CI

- n HCI

-OCH2-CH-CH2^ j-

(CH3C0)20
Pyridine

-CH2
> c h 3
0

CH3OCH2CI /SnCl4

O-CHjrCH-CHjj
h2ci

V ch3 n
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-EohO H -C ^ o-ch^HtCH^
P - ch3
0
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Acetylated phenoxy resin was chioromethylated in the same manner
as polysulfone, the ra tio between ether, resin and SnCl4 was
20:1:0.1 and the solvent 1s 1 ,1 ,2,2-tetrachloroethane.

During

chioromethylation of PPO and polysulfone, a reddish color was observed
which was attributed to the formation of complex between SnCl4 and the
aromatic ring in the polymer.

However, when either SnCl4 was

added to a resin - 6 a mixture or resin was added into a S11CI4 6a

mixture, a white precipitate formed immediately.

Although i t appeared that cross-linking had occurred, a fte r allowing
the heterogeneous mixture to s t ir for three hours at reflux, i t was
found that not only was the resin chioromethylated up to 1 00 %
substitution, corresponding 2 -CH2 CI per repeating unit as shown in
11,

but also, more surprisingly, the resin had not cross-

linked because i t was soluble in chloroform, dichloromethane and DMSO.

p J -O -o -C H r C H -C H s t^

CH2CI
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Comparing the polysulfone skeleton with that of 1() reveals
that the major difference is the a lkyl-ester unit.

The white

precipitate was believed to be a complex formed between SnCl4 and
the ester unit in the acetylated phenoxy resin.

I t has been

reportedlOl that SnCl4 could form a 1 :2 adduct complex with
ethyl acetate, as indicated by a single sharp carbonyl stretching
absorption in the IR at 1613 cnr 1 (free ethyl acetate v C=0 at
1741 cm-1 ) .

Since the chioromethylating reagent is a mixture of

chioromethyl methyl ether and methyl acetate, i t might be argued that
the methyl acetate can also form stable complexes with SnCl4 and
deactivate the SnCl4 .

From the fact that PPO and polysulfone can

be easily chioromethylated by using the ether-ester mixture, i t was
clear that the presence of ester in the reaction system does not
in terfe re with the c a talytic a c tiv ity of SnCl4 .

Further evidence

fo r the formation of a complex between acetylated phenoxy resin and
SnCl4 is that when SnCl4 was added into a 5% solution of resin
in 1 , 1 , 2 , 2 -tetrachloroethane without addition of chloromethyl
ether-ester mixture, a white precipitate also formed immediately.
From these observations, the white precipitate was believed to be a
complex between SnCl4 and the resin, 1 0 .
The NMR spectra of chioromethylated acetylated phenoxy
resin, U_, in non-polar solvents, e.g. CDCI3 and C6 D6 , contained
interesting features.

As shown in Figure 2-5, the NMR signal for

the protons in the chloromethyl group appears as two doublets with a
coupling constant of 10.8 Hz, instead of appearing as a singlet signal
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as in chioromethylated PPO or polysulfone.

This unusual finding

Indicates that these two protons have non-identical chemical
environments although they are attached to the same carbon.

The

geminal coupling phenomenon 1s a consequence of either (1) the
diastereotopic character of the benzylic protons or (2) inhibited
rotation due to ring formation thru hydrogen bonding.

For example, i t

has been reported that the benzyl 1c protons in dl- 2 , 6-dimethyl
cyclohexyl benzyl ether shows a quartet in NMR spectrum;148 in
general, the difference 1n chemical s h ift between diastereotopic
protons is more pronounced in ether.

The secondary structure of

chioromethylated phenoxy resin may contribute to the unique
environment of a diastereotopic form and further enhance the chemical
s h ift difference.

The coalence of the quartet as the temperature is

raised or when the spectrum is run in a polar solvent can be
attrib u ted to change in the secondary structure.
The geminal coupling could resu lt from ring formation between the
chloromethyl group and certain atoms in the polymer chain which cause
a re s tric tio n in rotation.

At f i r s t , the ring formation by in tra 

molecular bonding between the -CH2 CI and the acetyl group was
considered.

A fter close examination of the polymer skeleton, this

hypothesis was eliminated.

Since there are two chloromethyl groups

and one acetyl group per repeating u n it, and the interaction between
-CH2 CI and acetyl group should be a one to one adduct, then the remaining
-CH2C1 should be freely rotating.

Under those circumstances, the NMR

signal fo r -CH2 CI would be one singlet for the nonbound -CH2C1 and two
doublets for the bound -CH2 C1 , and the intensity of these two signals
should be equal.

Experimental results indicate that th is is not the case.
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Comparison of the NMR spectra of acetylated phenoxy resin, 10
(Figure 2 -6 ), and its chioromethylated form, 11 (Figure 2 -5 ), shows
that the chemical shifts of methylene and methine in chioromethylated
acetylated phenoxy resin are shifted 0.15 ppm down fie ld ; more
surprisingly, the chemical s h ift of the proton which is ortho to
-CH2 CI remained nearly unchanged even though there is a electron
withdrawing group, -CHgCl, next to i t .

In contrast, a fte r

chioromethylation of polysulfone, the chemical s h ift of the proton
which is ortho to -CH2 CI shifts from 6.9 ppm to 7.4 ppm.

Those

comparisons lead us to believe th at, in non-polar solvents the
chioromethylated acetylated phenoxy resin could have the conformation
shown below, 12 > where a hydrogen-bond is formed between
one of the protons in the chloromethyl group and the oxygen in the
phenyl ether linkage.

12

The protons in -CH2 CI are acidic due to the highly
electronegative chlorine atom attached in the same carbon;
hydrogen-bond formation between that proton and the oxygen makes the
electrons flow toward -C ^ C l; consequently, i t reduces the charge
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distribution on oxygen s lig h tly .

As a result, the chemical shifts of

methylene protons and methine protons exhibit down-field s h ifts .

The

electron flow directed toward the -CHgCl group from oxygen
p a rtia lly neutralizes the electronegative character of -CH2 C I, and
the chloromethyl group acts as a neutral species.

Therefore, i t has

no electron withdrawal e ffe c t on the protons in the phenyl ring, and
no change in chemical s h ift for the proton ortho to -CH2 CI is
observed.

Changing to a more polar solvent should break down the

hydrogen-bonding and allow free rotation of the -CH2 CI group.

As

demonstrated in Figure 2-7, the NMR spectrum of chioromethylated
acetylated phenoxy resin in DMSO-dg exhibits a signal of
-CH2 CI which appears as a singlet at 4.7 ppm, and the proton ortho
to -CH2 CI shifts down fie ld to 7.4 ppm.

2.3 Synthesis and Chioromethylation of

Polysulfone Model Compound

In discussing reaction rates involving polymers, i t is necessary
and useful to compare the chemical re ac tiv ity of functional groups
attaching to polymers with those on low molecular weight analogues.
I t is true, for some cases, that the chemical behavior of a functional
group 1 s independent of the size of the molecule to which i t is
attached, but, more often, there are pronounced deviations between the
re a c tiv ity of polymeric functional groups and th e ir low molecular
weight analogs.
The model compound should be carefully selected, since there are
a number of considerations which could affect the re a c tiv ity of
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polymeric functional groups.

The environment of the functional group

on the model compound on the polymer should be sim ilar.
Unfortunately, the model compound chosen may not duplicate the
chemical environment encountered by the functional group in the
polymer mainly because of steric or shielding effects produced by the
chain backbone.

In general, a segment of polymer chain is chosen as

the model system, for instance, p-isopropylpyridine, 4 -p ico lin e, and
pyridine are always used as model compound for po ly(4-vinylpyridine).
In the next two chapters, kinetic studies of quaternization
of chioromethylated polysulfone with te rtia ry amines w ill be
discussed. Therefore, a model compound fo r polysulfone was
synthesized in order to obtain comparative kinetic behavior
between a macromolecule and its low molecular analog.

Polysulfone, 4,

was synthesized by Johnson102 and coworkers according to equation
2-5.

Several model compounds representative of some possible

ho C

H -® -*

I NaOH
J-HzO

" No0^ 0 >+

0

' ONa

+

" C' 0

S^

CI

(2 -5 )

_2n NaCI

combinations of functional groups 1 n polysulfone were synthesized by
them10^ in support of the observations on the thermal s ta b ility of
polyaryl ethers.

The models are 4,4'-d1phenoxydiphenyl sulfone,
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2,2,-bis(4,4-diphenoxydiphenyl) propane, and bis(4'-phenoxyphenyl)ether.

Unfortunately, none of them re fle cts a sim ilar chemical

environment to a functionalized polysulfone.
Polysulfone is prepared from two difunctional monomers, the
disodium s a lt of bisphenol-A and 4,4'-dichlorophenyl sulfone.

This is

a typical example in obtaining condensation polymer by nucleophilic
aromatic substitution.

I f one of these two monomers is replaced by a

monofunctional molecule, then the same reaction as shown in equation
2-5 should produce a segment of polysulfone.

This model compound was

synthesized according to the sequence as illu s tra te d in Scheme 2-2.
The essential procedure is almost the same as reported by
Johnson*^ and coworkers in th e ir preparation of polysulfone.

A

small modification was made in the synthesis i. e . toluene was used as
a cosolvent to remove water by azeotropic d is tilla tio n instead of
chlorobenzene.

According to Johnson's^2 observations,

maintaining a constant high temperature (155-160°C) was a key step to
obtaining high molecular weight of polysulfone, because variation of
temperature made the polymer precipitate prematurely, and, afterward,
i t is d if f ic u lt to redissolve i t into solvent, DMSO.

A ll the

components in the reaction mixture for preparation of model compound,
13, were soluble in DMSO, therefore, variation of temperature
did not in te rfe re with the experimental results.

The model compound

could be chioromethylated using the same experimental conditions
developed for the preparation of chioromethylated polysulfone, £ .
Several runs, conducted to find the optimum reaction time, are
summarized in Table 2-2.
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Scheme 2-2.

Synthesis of Model Compound, 13, and Chioromethylated
Model Compound, 14.
—

OH

H
NaOH

-ONa +

NaO

2 Cl

-2N aC I

-SO:

SO2'

13

CH30CH2CI/SnCI4

14
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Table 2-2.

Influence of Reaction Time on the
Chi oromethyl ation of Model Compound, 13.
reaction
%c
reaction
time (h r.) temp. (°C) substitution

run

ether:MC:SnCl^

solvent

la

1 0 : 1 : 0 .1

CHC13

3

65

15.6

2a

1 0 : 1 : 0 .1

chci2 chci2

4

86-87

76

3a

1 0 : 1 : 0 .1

chci2 chci2

6

86-87

100

4b

1 0 : 1 : 0 .1

chci2 chci2

8

80-85

100

a 10 g of MC in 50 ml solvent
b 40 g of MC in 200 ml solvent
c Assuming di chioromethylation of bisphenol-A unit as
1 00 % substitution.

I t was mentioned e a rlie r that polysulfone is less reactive than
PPO, hence more extreme reaction conditions wereneeded.

This

observation was confirmed in the chioromethylation of the model
compound.

As shown in run 1 (Table 2 -2 ), using a low boiling point

solvent, CHCI3 , i t is d if fic u lt to obtain a high degree of
substitution.
Under appropriate conditions model compound, 13, can
be chioromethylated up to 100 % substitution corresponding to two
-CH2 CI per molecule.

The chioromethylated model compound,

14, unlike its starting m aterial, can not be purified by
precipitating into a non-solvent; the only suitable solvent found for
re c ry s ta lliza tio n is ethanol.

The model compound, 13,
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can be recrystallized from benzene and acetone (Note b).

2.4

Thermal Properties of Polysulfone Model.
Polysulfone is an amorphous polymer that possesses excellent

thermal s ta b ility .

A glass transition temperature

of 195°C, and a

decomposition range from 500-550°C regardless of environment (under
a ir , argon, or vacuum) have been reported . 102

This unusual

thermal s ta b ility is not unexpected, since diphenyl ether and diphenyl
sulfone units are present in the polymer backbone, and these
components are well known for thermal s ta b ility .

These observations

are confirmed by the thermal studies of the model compound.

The major

difference between polysulfone and 13^ is that the la tte r has a
sharp melting point which appears at 183°C (Figure 2 -8 ).
Figure 2-9 is the Thermogravimetric Analysis (TGA) plot ofmodel
compound,

together with the reported TGA curve

polysulfone . 102

I t is clear that both polymer and

of
its segment

have the same decomposition pattern at the temperature range of
500-600°C; i t also illu s tra te s that both of them have excellent
thermal resistance up to 500°C.

Note b:

Correct IUPAC nomenclature:

model compound, 2 ,2 -b is -

[ 4 - (4-phenylsulfonylphenoxy) phenyl]propane; chioromethylated
model compound, 2 ,2 ,-bis[3-chloromethyl-4-(4-phenylsulfonylphenoxy)phenylIpropane.
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A comparison of DTA curves (Figures 2-10) between 9 and
14 shows that the model melts at 90-91°C, and the polymer
exhibits a glass tran sition temperature around 175°C.

Both of them

undergo an exothermic decomposition between the temperature range of
335-380°C.
-CH2 C I.
2 -1 2

This chemical tran sition appears to be due to the loss of

Comparison of TGA plots, (as shown in Figure 2-11 and

fo r 14^ and 9^, respectively) shows that the weight loss

found from TGA curves is consistent with the calculated percentage
values of -CH2 CI in model compound or polymer.

For instance,

13.2% weight was lo st at that temperature range for 14,
and the -CH2 CI weight percent in the model compound is 13.1%.
The NMR spectra of 13^ and 4^ are shown in Figure 2-13 and 2-14,
respectively.

I t is clear that no major difference was found between

these two spectra, except in the 7.5 ppm region where the protons para
and meta to the sulfone in the phenyl sulfone unit appear, and at 8 . 2 ppm
where the ortho proton in diphenyl sulfone appears Figure 2-15 and 2-16
give the NMR spectra of the chioromethylated model compound, J4, and
polysulfone, 9^, respectively, and no anomalies are apparent.
In general, the 13C NMR technique provides a powerful tool in
structure elucidation in organic chemistry, but, in our studies, i t is
very d if f ic u lt to u t iliz e 13C NMR spectra in structure determination
due to the following reasons:

( 1 ) the compounds used in our cases

are mainly composed of aromatic carbons, th e ir 13C NMR signals
appear in a narrow range, and the single-frequency decoupling
technique, the most common method in chemical s h ift assignment in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CM-Polysulfone

ATCM-MC- Polysulfone

O.

— i--------------1---------- 1—

200

/

% 300

T(°C)

400

Figure 2-10. DTA curves of chioromethylated model compound,
9 , in nitrogen a t 20°C/min.; r e f . , glass bead. —

“ I

500

and polysulfone,

Ui
o

CVJ

00
Bui 1H9I3AA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

52

c

<u
CT>
O
fc.
4->

C
3T»11
a>
0
MI—
3
(/)
>»
c

a
•a
a>
£
O
o

1
aj
so

o c
■r—

o e

> *->»
s- o

3o
OO

CM

cS P
I- (0
CM

I

CM

a)
u
cn
u.

•i—

CM

CO

Bui 1 H9 I3 M

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

H D

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure
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2-14. 200 MHz I h-NMR spectrum
(CDC13, 300°K)

of polysulfone,
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carbon-13 NMR, is d if f ic u lt to apply, due to the narrow range of
proton signals, ( 2 ) the chloromethyl functional groups are not
uniformly distributed along the polymer chain; since the polymer used
has an average 1.89 -C^Cl per repeating un it, this increases the
complexity of the spectra.

Regardless of these d iffic u ltie s , 13c

NMR spectra indeed contribute valuable information in the aliphatic
range, and prove the attachment of -CH2 CI on the polymer.

Figures

2-17 and 2-18 show the 13C spectra of the chioromethylated model
compound and polysulfone, respectively.

The signal for the carbon in

-CH2 CI appears at 40.8 ppm for both compounds.

2.4 Experimental
General Information
Solvents and reagents of commercial reagent grade were used in
a ll syntheses described herein.

When special purity or dryness was

necessary, methods described in "Purification of Laboratory
Chemicals", by P errin , 104 e t a l, were used.
Infrared spectra (IR ) were recorded on a Perkin-Elmer Infrared
Model 621 Spectrophotometer.
Nuclear Magnetic Resonance spectra (NMR) were recorded on a
Bruker WP-200 Fourier Transform NMR Spectrometer a t 200 MHz, and on a
Varian Associates HA-60 Spectrometer.

iH-NMR chemical shifts are

reported in ppm U ) down fie ld from internal tetramethylsilane
reference, and the usual notations are used to describe the spectra:
s=singlet, d=doublet, dd=pair of doublet, m=multiplet, and b=broad.
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13c chemical s h ift also are reported in ppm (« ), the appearance
peaks of deuterated solvent used as internal reference.

For instance,

77 ppm was used as standard when chloroform-d was used as the
solvent.
Mass spectra were obtained on a Hewlett-Packard 5895-GCMS.
The thermal analyses were performed on a DuPont Model 900
D iffe re n tia l Thermal Analyzer (DTA) equipped with a Model 950 Thermal
Gravimetric Analyzer (TGA) attachment; conditions are presented with
the individual data.
Viscosities of polymers were measured in a Ubbelohde-type
viscometer, Cannon No. 50M45, at 30°C
Temperature Bath, Cannon Model M -l.
was used as the solvent.

0.05°C in a Constant
Purified and filte r e d chloroform

In trin s ic viscosities of polymers were

reported; specific viscosities were calculated from the following
equations and a plo t of nsp/c vs c was extrapolated to zero
concentration.

n

= (nsp/conc. ) c _0

where n

t-t
sp = — ^—

t = e fflu x time of polymer solution
t Q= e fflu x time of pure solvent

Elementalanalyses were performed

by Galbraith Laboratories,

In c ., Knoxville, Tennessee, U.S.A.
Melting points were determined on a Thomas-Hoover Capillary
Melting Point Apparatus and are uncorrected.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

61

Preparation of chloromethyl methyl ether-methyl acetate mixture, 6 a.
The procedure of Amoto, et a l , 56 was used without
modification.

In a 100 ml 3-neck round bottom flask equipped with

thermometer, magnetic s tir r e r , and a rubber septum connected to a
Firestone value via a syringe needle, 45 ml (0.51 mole) of molecular
sieve-dried dimethoxymethane and 1.2 ml (0.029 mole) of anhydrous
methanol were introduced.
bath.

The solution was cooled to 0°C in ice-water

35.3 ml (0.49 mole) of purified HCl-free acetyl chloride was

added via a syringe in three portions for every 12 hours.

During the

f i r s t addition of the f i r s t portion of acetyl chloride, the flask was
removed from the ice-water bath, and the temperature of the contents
raised to 25°-28°C.

The whole reaction mixture was allowed to s t ir

fo r 36 hours in room temperature.

NMR (60 MHz, reaction mixture,

CDC13 ): 6 3.4, (s,C 1 CH2 - 0 CH3 ); 5.4, (s , CICH2 OCH3 ); 1.92,
(s , CH3 COOCH3 ) ; 3.57, (s , CH3 COOCH3 ); 3.26 and 4.50, (unreacted
CH3 OCH2 OCH3 ).

Preparation of chloromethylated PPO, £ .
In a one l i t e r 3-neck resin k e ttle equipped with a mechanical
s tir r e r , argon in le t, and equalized pressure dropping funnel was
placed 2.43 ml (0.0208 mole) SnCl4 and 346 ml 6 a containing
2.08 moles of 6); the whole mixture was diluted with 250 ml of
CHCI3 .

A fter the mixture was brought to re flu x , a solution of

25 g (0.208 eq.) PPO in 250 ml of CHCI3 was added slowly through
dropping funnel over a period of about 30 minutes.

The mixture

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

was maintained at reflux (58°-60°C) for 2 hours under argon
atmosphere; then, the catalyst was deactivated by injecting 5 ml of
water into reaction mixture.

The reaction volume was reduced to about

300 ml by d is tilla tio n before precipating the chioromethylated PPO in
methanol.

A fter dissolution in chloroform and reprecipitating in

methanol, 3 3 .9g (96.6%) of 8 ^was obtained, Cn3 = 0.54.

NMR

(CDC13 ): 6 2.04 and 2.32 (s, CH3 trans and cis to
-Cj^Cl respectively), 4.95, (b, CHgCl); 6.09 (s, Ar-H).
1280, CH2 C1; 1221, 1041 cm" 1 -0 -.
6

IR,

NMR (CDC13 ):

12.2, 17.0 (2 -CH3), 38.1 (-CH2 C1); 112.1, 122.7, 133.0,

144.9, 152.9 ppm (aromatic C 's).
Elemental analysis was consistent with the introduction of
1-CH2 C1/repeating un it.

Anal. Found:

C, 64.3; H, 5.52; Cl, 21.0;

0, 9.1.

Preparation of chi oromethyl ated polysulfone, 9_.
The procedure was essentially the same as previously described.
The chioromethylating agent, 6 a, 300 ml (1.8 moles of 6)
was diluted with equal volume of 1 ,1 ,2,2-tetrachloroethane, 1.05 ml
(0.009 mole) of SnCl4 was added into mixture.

A fter the mixture

was heated to re flu x , a solution of 40 g (0.09 eq.) polysulfone in 500
ml of 1 ,1 ,2,2-tetrachloroethane was added slowly over a period of 45
minutes.

Refluxing was maintained for 3 hours before the catalyst was

deactivated by Injecting 5 ml of water into the reaction mixture.
boiling fractions, mainly residual 6 a were d is tille d from
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Low

resin k e ttle , and chioromethyl methyl ether was deactivated by
treating with 1.0 N NaOH aqueous solution.

A fter reducing the

reaction volume to 2 00 ml, chioromethylated polysulfone was recovered
by pouring the mixture into methanol.

After reprecipitation from

chloroform into methanol and drying in a vacuum oven at 35°C for 24
hours, 46.5 g (96.7%) of chioromethylated polysulfone,
obtained, U 3 = 0.51.

NMR (CDC1 3 ):

was

s 1.68 (s, 2

-CH3 ); 4.53 (s, -CHgCl); 6 . 8 - 7.4 (m, Ar-Hs); 7.9 (d, Ar-H
ortho to -S02- ) .

13C NMR:

6

30.7 (2 -CH3 ); 40.8

( -CHgCl); 42.4 (CH3 -C-CH3 ); 117.7, 119.8, 120.0, 128.3,
128.8, 129.0, 129.4, 129.7, 135.8, 147.3, 151.0, and 161.5 ppm
(aromatic C).
Elemental analysis was consistent with the introduction of 1.89
-CH2 C1 onto repeating unit.

Anal. Found:

C, 64.97; H, 4.72; Cl,

12.55; S, 6.20; 0, 11.91.

Preparation of acetylated phenoxy resin, 10.
The method of Reinking, et a l,*0 0 was used without
m odification. Phenoxy resin, 50.0 g (0.176 eq.) was dissolved in
333 ml (4.14 mole) of pyridine in a 500 ml resin k e ttle .

To this

mixture, 170 ml (1.8 moles) of acetic anhydride was added, and the
mixture was heated to 85°C for 4 hours with s tirrin g .

The acetylated

polymer was precipitated by pouring the reaction mixture into cold
methanol, and then, was filte r e d and washed s e ria lly with 0.1 N HC1 (1
l i t e r ) , water (3 l i t e r s ) , and methanol, f in a lly , was dried for 24
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64
hours in vacuo at 50°C.

In this manner, 49.1 g (86.4%) of acetylated

phenoxy resin was obtained, Cn3 = 0.52.
(s, 2 -CH3 ); 2 - 06

NMR ( CDC13 ):

6

1.62

OCOCH3 ); 4.2 (d, CH2 -CH-CH2 - ) ;

5.44 ( t , -CH2 -CH-CH2 - ) ; 6 . 8 (d, Ar-H ortho to - 0 - ) ; 7.2 ppm
(d, Ar-H meta to - 0 - ) .

IR (film ):

1745 cm" 1 (e s te r).

Preparation of chioromethylated acetylated phenoxy resin, 11.
The procedure was basically the same as described in preparing
chioromethylated PPO, 8 .

25 g (0.0767 eqs.) acetylated phenoxy

resin, 10, in 250 ml 1 ,1 ,2,2,tetrachloroethane was added slowly
thru a dropping funnel into a refluxing solution which contained 255.6
ml 6 ^, 250 ml 1 ,1 ,2,2-tetrachloroethane, and 0.9 ml (7.69
mmole) of SnCl/;.

As soon as the resin solution was added, a white

p recipitate was formed.
hours under argon.

The system was refluxed (« 90°C) for 3

The catalyst was deactivated by addition of 5 ml

water, then,, the reaction volume was reduced to approximately 500 ml.
The chioromethylated resin was recovered by precipitating in methanol.
A fter reprecipitation from chloroform in methanol and drying in a
vacuum oven, 28.8 g ( 8 8 . 6 %) of chioromethylated resin was obtained,
Cn] = 0.45.

NMR (CDC13 ):

6

1.64 (s, 2-CH3); 2.12 (s, -CCOCH3 );

4.32 (d, -CH2 -CH-CH2 ); 4.59 (dd, -CH2 C I); 5.65 ( t ,
CH2 -CH-CH2 - ) ; 6 .8 (d, Ar-H, 6 -position); 7.08-7.2 (m, Ar-H,
2-and 5- position H).
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Elemental analysis indicates that Z-CHgCl were introduced
into repeating un it.

Anal. Found:

C 61.60; H, 5.40; C l, 17.22; 0,

15.55.

Preparation of 2.2-bis[4-(4-phenylsulfonylphenoxy) phenylJpropane, 13^
A modification of the method reported by Johnson,102 et a l ,
to prepare polysulfone, £ , was used.

A mixture of 20 g (0.087

mole) high purity bisphenol-A, 100 ml DM50, and 200 ml toluene was
charged into a 500 ml three neck re s in -k e ttle equipped with a
mechanical s t ir r e r , an argon in le t, a total reflux phase separating
head (Dean-Stark apparatus) and equalizing dropping funnel.

The

funnel, which contained 44.3 g (0.175 mole) of pu rified chlorophenyl
phenyl sulfone in 200 ml of toluene, was maintained at 100°C by
heating tapes.

A fter s tirrin g to dissolve the bisphenol-A into DMS0,

29.7 ml (0.175 mole) of 5.9 N aqueous sodium hydroxide was added, and
the argon sparged mixture was brought to re flu x.
azeotropic d is tilla tio n with toluene.

Water was removed by

When i t appeared that no

additional water was being collected, toluene was removed from the
system by d is t illa t io n .

The temperature of the contents was raised to

120°C, and the disodium s a lt of bisphenol-A was precipitated.
Toluene was continuously d is tille d from the system until the
temperature of the reaction mixture reached 157°-160°C.

At this

point, the white precipitate redissolved in DMS0.
The chlorophenyl phenyl sulfone solution in toluene was added via
the heated dropping funnel over a period of 10 minutes, and the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

temperature of the contents would drop to 130-140°C.

The excess

toluene was d is tille d from the system immediately in order to maintain
the reaction temperature at 160°C; the system was allowed to s t ir for
an hour at 160°C.
Afterward, the viscous solution was cooled to room temperature,
and, then, was poured into 2 lit e r s of cold water.

The suspended,

s lig h tly brown, solid was collected by suction f ilt r a t io n , and washed
in the following sequences:

1 l i t e r cold water, 500 ml 0.2 N NaOH, 2

l i t e r cold water, and 1 l i t e r of 95% cold ethanol.

A fter

decolorization with charcoal and recrystalization twice from acetone
and benzene, 40.4 g (70%) of model compound, 13^ mp=182-183°C,
was obtained.

NMR (CDCI3 ):

61.7 (s, 2 -CH3 );

6.93, 7.00 7.24, 7.51 (Ar-H); 7.85-7.95 (m, Ar-H, ortho to -S02- ) .
13C NMR (CDCI3 ):

630.7 ( 2 -CH3 ); 42.2 {CH3 -C-CH3 );

117.5, 119.6 127.2, 128.2, 129.0, 129.7, 132.8, 141.8, 146.9, 152.6,
161.9 ppm (Aromatic £ ) .
Anal. Calcd for C39 H3 2 O6 S2 :
0, 14.53; S, 9.70.

Found:

C, 70.88; H, 4.88;

C, 70.83; H, 4.99; 0, 14.54; S, 9.66.

Preparation of 2,2-bis[2-chloromethyl-4-(4-phenylsu1fonylphenoxyl) phenyl]propane, 14.
A solution of model compound, 13, 40 g (0.06 mole) in
200

ml of 1 , 1 , 2 , 2 -tetrachloroethane was blended with 200 ml

(containing 0 .1 2 mole 6 ) of 6 a and 0 . 7 ml (0.006
mole) of SnCl4 in a 500 ml resin k e ttle .

The mixture was brought
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to reflux (80-85°C) for 8 hours under argon atmosphere.

After

deactivating the catalyst with 2 ml of water, the low boiling point
fractions, mainly ether and ester, were d is tille d from the system, and
the d is t illa t e containing chioromethyl methyl ether was destroyed
immediately by treating with 1.0 N NaOH solution.

The remaining

mixture was transferred to a 500 ml round bottom fla s k .

The high

boiling solvent, 1 , 1 , 2 , 2 -tetrachloroethane, was removed under reduced
pressure.

When the solvent was reduced to 20 ml, the mixture became

very viscous, whereupon, 300 ml absolute ethanol was added and crude
product precipitated as a white gel.

The ethanol solution was heated

to boiling, at this point, the white gel was redissolved into ethanol.
The clear solution was cooled in ice-water bath, and white crystals
formed.

The solid was filte r e d , washed several times with cold

ethanol, and fin a lly , dried in vacuo to y ie ld 40.2 g (87%) of
chioromethylated model compound, 14.
!h NMR ( CDC13 ):

1.7 (s, 2-CH3 ); 4.5 (s, -CH2 C1); 6 .7 -7 .0 (Ar-H);

7.8-7.95 (Ar-H, ortho to -S02- ) .

13C NMR (CDCI3 ) :

30.5 (-CH3 );

40.7 (-CH2 C1); 42.2 (CH3 -C-CH3 ); 117.5, 119.9, 127.1, 128.7, 129.0, 129.7
129.1, 133.0, 135.2, 141.6, 147.0, 150.8, 161.4 ppm (Aromatic C).
Anal. Calcd. for C4 iH 3 4 0 gS2 Cl2:
0, 12.66.

Found:

C, 64.98; H, 4 .5 ; Cl, 9.36; S, 8.56

C, 64.86; H, 4.69; C l, 9.47; S, 8.62; 0, 12.30.
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Chapter 3
Quaternlzatlon of Chioromethylated Condensation Polymers with
Tertiary Amines

68
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3.1 Introduction
Since the quaternization of trie th y l amine with ethyl iodide was
f i r s t studied by Menschutkin, 106 extensive kinetic investigations
have established the basic conditions governing an S^ 2 reaction
between two neutral species forming a charged product.

Further,

quaternization of low molecular weight compounds was found
irre ve rs ib le by Harman and coworkers; 106 upon reaction of excess
trimethyl amine or equivalent amounts of dimethyl an ilin e with
tritiu m -la b e lle d methyl iodide in either ethanol or benzene, no
evidence for exchange of methyl groups could be detected.

Since

quaternization is irreversib le under normal experimental conditions,
only the k in e tic a lly favored products are obtained, and the reaction
affords a re la tiv e ly sensitive probe into the influence of the polymer
backbone on rates of polymer reactions.

The formation of a charged

tran sition state is favored by more polar solvents, which solvate the
developing charge.

Polymer backbones may be considered as part of the

solvent matrix, thus reactions on more polar condensation polymers
should be more fa c ile than those occurring in a hydrocarbon matrix
lik e polystyrene.
Synthesis of quaternary ammonium polymers can be achieved either
by treatment of chioromethylated polymers with various amines or by
adding alkyl halides to polymeric amines.

Although the former

approach has the greater commercial significance, the la tte r technique
was the subject of most early kinetic studies.

The re a c tiv ity of

functional groups attached to a polymer chain was generally
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assumed to be equivalent to that of low molecular weight analogs by
However, in many instances, the quaternization rates of

F lo r y .5 7

reactions involving polymers are s ig n ific a n tly d iffe re n t from those of
the corresponding low molecular weight analogs; moreover, d is tin c t
differences in the rate p ro file s are often observed when reactions on
polymer substrates are conducted.

Both rate accelerations and

decelerations re la tiv e to reaction rates of appropriate model systems
are observed.
including:

This "polymer effect" can be attributed to many factors

s teric e ffe c ts , neighboring group e ffec ts , the influence

of an e le c tro sta tic f ie ld , and conformational and configurational
changes of the polymer chain during the reaction.

We w ill assess the

re la tiv e contributions of each of these factors to the re la tiv e rates
o f polymeric quaternizations.

3.2

Quaternization of Polymeric Amaines with Alkyl Halides
During preparations of polyelectrolytes from

poly(4-vinylpyridine) (P-4-VP) and alkyl halides, some puzzling
phenomena were observed by Coleman and Fuoss.10? These authors
found quaternization of pyridine, 4-picoline and 4 -1 sopropylpyridine
with n-butyl bromide in tetramethylene sulfone followed normal
second-order kin etics.

Sim ilar results were reported by Hinshelwood

and coworkers1 0 8 " 111 fo r the reaction of pyridine and alkyl
halides.

However, on quaternization of poly(4-vinylpyridine) under

the same conditions, they observed that the reaction begins at about
the same rate as the simple 4-a lk y lp y rid in e , but, as the reaction
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proceeds, the rate begins to decrease and a negative deviation from
conventional second-order kinetics is observed.

An extensive series

of model compounds were quaternized with n-butyl bromide1 I 2 " 1 15 in
an e ffo r t to ascertain the sign ificant factors leading to rate
retardation in the polymer system. 116

The re a c tiv ity of the

second nitrogen in diamines was s ig n ific a n tly less than that of the
f i r s t , i . e . , k2 /k i = 0.5 ~ 0 .7 .

I f an intramolecular

inductive e ffe c t was responsible for the diminished nucleophilicity of
the second nitrogen atom, a sig n ifican t e ffe c t should be observed in
the conjugated model compound, PyCH=CHPy; however, only a slig ht
e ffe c t was observed.

Further, no difference between the rates of the

second quaternization step of 1 ,3 -(b is -4 -p y ridylJpropane and
1 ,2-(bis-4-pyridyl)eth an e was detected.

These results indicate that

inductive effects do not contribute s ig n ific a n tly to the re la tiv e
nucleophilicity of the second amino function.

Steric effects are also

eliminated by the fa ilu re of the additional methylene spacer to
influence the second quaternization rate.

Fuoss et a l . 11?

concluded that the rate decreases observed between the f i r s t and
second quaternization steps in the model compounds could be attributed
to a volume f ie ld e ffe c t, i . e . , an e lectro static e ffe c t produced at
the s ite of the second nitrogen by the positive charge on the
i n i t i a l l y quaternized nitrogen.
Arcus and H a ll11® reported long range fie ld effects in a
k in e tic study of quaternization of poly(4-N,N-dimethyl ami nostyrene)
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with methyl Iodide in DMF.

Two homopolymers with d iffe re n t molecular

weights, and one copolymer composed of a 2:1 styrene:4-N,N-dimethylami nostyrene monomers mixture were quaternized along with £-isopropyl
N,N-dimethylaniline and N,N-dimethylaniline as low molecular weight
analogues.

The two model compounds exhibited normal S^j2 kinetics.

However, a rate deceleration was observed when the extent of
quaternization of each of the three polymers reached 20 ~ 25%.
The in it ia l rate constants of the homopolymers and copolymers were
nearly equal.

Changes in the molecular weight and in the spacing of

ami no-groups by the insertion of in e rt units had l i t t l e e ffe c t on the
in it ia l rate constant.

Plots of the instantaneous rate constants

against percentage quaternization indicated th a t, at 50%
quaternization, the rate constants f a ll to about 60% and 75% of the
in it ia l value observed for the homopolymers and copolymer, respectively
(Figure 3 -1 ).

Apparently, the accummulation of positive charge on the

macromolecules as reaction proceeded, increases the energy required to
introduce additional charge.

This e ffec t was more enhanced for the

homopolymers than for the copolymer due to the accumulation of a
greater charge-density at a given degree of quaternization.
Arcus and H a ll 119 also studied the reaction of P-4-Vp and
n-butyl bromide in tetramethylene sulfone, DMF and th e ir mixtures.
tetramethylene sulfone, they observed rate retardations sim ilar to
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Figure 3-1.

Change 1n second order rate constants, k, with extent of
quaternization;
o, poly-(4-N,N-dimethylamine-styrene), MW=65,000;
a , poly-(4-N,N-dimethylamino-styrene), MW=97,000;
□ , 2:1 styrene:4-N,N-d1methylam1no-styrene copolymer.
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those reported by Coleman and Fuoss. 107

In tetramethylenesulfone-DMF

mixture, the in it ia l rate constant and extent of deceleration decreased
as the proportion of DMF was increased, u n til, in pure DMF, there was
no appreciable deviation from second order kinetics.

Quaternization of

pyridine and P-4-VP with n-butyl bromide in the presence of
N-butylpyridinium bromide and poly(N-butyl-4-vinyl(pyridiniurn) bromide
respectively was also studied.

The results show no appreciable

a lteratio n in the course of the reaction; the in it ia l rate was
increased 5% due to a small accelerative s a lt e ffe c t.
Morcellet-Saurage and Loucheux120 investigated quaternization
of homopolymers and copolymers with styrene of 2 -v in y l-,
2-m ethyl-5-vinyl- and 4-vinyl pyridine with butyl bromide.

Both the

homo- and co-polymers of 2 -vinyl pyridine, exhibited a rate retardation
a t about 4% conversion.

The steric hindrance exerted by the polymer

backbone appears to be the major factor causing deceleration.

Normal

second order kinetics were observed for 2-m ethyl-5-vinyl-pyridine and
4-vinylpyridine-styrene copolymers containing up to 20 mole % pyridine
units, moreover, within experimental error, the quaternization rate
constants of these copolymers are almost equal to those of the
corresponding model compounds.

These results indicate that the

polymer bound pyridine group does not a lte r its re a c tiv ity i f i t has at
least two unreactive neighbors.

In contrast, the reactions of

homopolymers, 2-m ethyl-5-vinyl- and 4-vinyl pyridine were retarded at
conversions of about 38% and 50% respectively.

This phenomenon can
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also be attributed to the accumulation of positive charge along the
polymer chain.
Retardation during quaternization of P-4-VP with a series of
alkyl halides was also reported by Boucher and coworkers..121-123
Following a detailed neighboring group analysis, including k in e tic ,
and viscometric studies during reaction, they concluded that the
factors leading to rate retardation included a short range neighboring
group e ffe c t imposed by steric hindrance, and a global electro static
e ffe c t as the polymer molecules in i t i a l l y expand and then contract as
the polymer-solvent interaction becomes less favorable.

3.3

Quaternization of Chioromethylated Polystyrene
Although the production of quaternary ammonium s a lt

polyelectrolytes on a polystyrene matrix was reported i n it ia ll y by
Jones, 33 the kinetics of the quaternization process were
investigated f i r s t by Lloyd and

D u ro c h e r.

78,124

Substrate

polymers were prepared by emulsion polymerization of vinyl benzyl
chloride with 0.05-0.1 % divinyl benzene, and the quaternization of
these crosslinked resins with aqueous trimethyl amine was studied.

The

rate of quaternization of poly(vinylbenzyl chloride) la te x , PVBC,
composed of about 60% para and 40% ortho-isomers, decelerated markedly
at about 50% conversion.

This deceleration was attributed to the

d iffe re n t re a c tiv itie s of o- and j?-chloromethyl substituents on the
aromatic rings.

In order to ascertain the impact of positional

isomers of the "copolymer" rates, two "homopolymer" latexes were
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prepared from 99% £-vinylbenzyl chloride and 95% o-v1nylbenzyl
chloride, respectively.

The £-PVBC reacted very fa s t, while the

high-ortho analogue, a fte r an in it ia l surge, reacted much more
sluggishly.

Furthermore, for £-PBVC, the rate constant at 20 ~

50% conversion is s ig n ific a n tly higher than that of the in it ia l 0-20%
conversion; deceleration was observed in the case of £-PVBC.

The

accelerating rate with increasing conversion of £-PVBC suggested that
the quaternized group provided a more polar environment for unreacted
neighboring s ite s , consequently, the formation of a charged transition
backbone in the ortho position were buried in a hydrocarbon matrix and
fa ile d to influence the environment of the residual chioromethyl
groups.

Thus the steric hindrance imposed by the backbone exerted the

dominating influence on quaternization rate.

The rates of both

"homopolymers" and the "copolymer" were retarded at very high
conversions (>90%) due to an electro static fie ld e ffe c t.
In a systematic kinetic study of the reaction of various amines
with chioromethylated polystyrene (CMPS), Kawabe and
c o w o r k e r s !2 5 ,1 3 4

found the rate profiles to be s ig n ific a n tly

influenced by the nature of amine and the reaction media.

They

observed that some cases conformed to simple second order reaction
rate laws, but s lig h t variations in the reaction conditions produced
e ith e r deceleration or acceleration as quaternization proceeded (Table
3 -1 ).

The deceleration was observed in the reactions of bulky amines

I . e . , diethyl amine or dibutyl amine, in DMF, DMS0 and
dioxane. 1 2 6 * 129

This rate retardation could be attributed to the
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Table 3-1.

Variations in Kinetic Rate P rofiles for Quaternization of
Chioromethylated Polystyrene.
Reference

Amine

Solvent

Kinetic
Behavior

Factor

n-butyl-

dioxane
DMF
MEK

deceleration
normal
deceleration

steric

iso-b utyl-

dioxane
DMF
MEK

normal
normal
normal

128
128
128

sec-butyl-

dioxane
DMF
MEK

normal
normal
normal

128
128
128

t-b u ty l-

DMF

decelerati on

steric

128

d i-n -b u ty l-

dioxane
DMF

deceleration
deceleration

steric
steric

125
129

di-ethyl -

dioxane
DMF

deceleration
deceleration

s te ri c
steric

128
128

trie th y l -

DMF
DMSO

normal
deceleration

electro static

132, 135
132

2 -ami no
ethanol

dioxone
DMF
DMSO

acceleration
normal
normal

diethanol -

dioxane
DMF
DMSO

acceleration
deceleration
deceleration

DMF
DMSO

acceleration
normal

trie th a n o l-

steric

125
127
128

133
133
133

steri c
steric

129
129
129
133
133
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Table 3-1. continued.
1 -amino2 -propanol

dioxane
DMF
DMSO

acceleration
normal
normal

133
133
133

2 -amino2 -methyl-

dioxane
DMF
DMSO

acceleration
normal
normal

133
133
133

tri-hydroxyl
methyl ami ne

DMSO

normal

133

2 -ami no
butanol

dioxane

acceleration

propanol

hydrophilic
DMF
DMSO

normal
normal

132
126
127
127

*: formation hydrogen-bond in the transition state.
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steric hindrance imposed by the quaternized neighboring group.

The

nature of the solvent also played an important role in the
quaternization process; fo r instance, a normal second order reaction
was observed between trie th y l amine and CMPS in DMF.

In DMSO, a

deceleration attributed to an electrostatic e ffe c t was
observed.*32
Accelerations occurred commonly when hydroxyethyl amines were
allowed to react with CMPS in dioxane or dimethylacetamide, indicating
that a hydrophilic e ffe c t of the formation of intramolecular hydrogen
bonds may play an important role in promoting quaternization .! - 36
Autoacceleration occurred at about 33% conversion suggesting that
when a chioromethyl group has at least one quaternized neighboring
group, the presence of hydroxyl in that quaternary group contributes
to the solvation of adjacent tran sition states.

Rate comparisons at

d iffe re n t temperature regimes demonstrated that the hydrophilic e ffec t
was stronger in dioxane than in dimethylacetamide.

Quaternizations of

CMPS with t r i ethyl amine, N-2-hydroxyethyl-dimethy'i'amine or
N,N-bis-hydroxyethylmethyl amine conducted in DMF, also exhibited
stepwise acceleration , * 36 and this positive deviation is claimed
to be caused by an electro static e ffe c t as described by Tsuchida and

Irie.139
D iffe re n t kinetic behavior was observed when secondary
hydroxyalkylic amines, methyl-2 -hydroxyethylamine and
butyl- 2 -hydroxyethylamine, were employed as nucleophiles.
Autoacceleration appeared in dioxane for both secondary amines,
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however, normal second order kinetics were followed in DMF when the
nucleophile is methyl-2 -hydro*yethylamine which has less bulky
substituents.

In the reaction of butyl-2-hydroxyethylamine with CMPS

in DMF, rate retardation began when the conversion reached about 75%
owing to the steric hindrance of the bulky butyl group. 137

Thus

the s e n s itiv ity of the rate p rofiles to reaction media and nucleophile
structure complicates assessment of "polymeric effects".
The data in the lite ra tu re is based on functional polymers
prepared from vinyl monomers, namely styrene and vinyl pyridine
isomers.

These polymers have fle x ib le hydrocarbon backbones

which provide a non-polar environment for the active s ite s .

The major

factors causing negative or positive deviation from normal second
order kinetics in quaternization in polymeric systems are lim ited to
s te ric , electro static fie ld and hydrophilic effects.

The influence of

backbone r ig id ity or p o larity could not be ascertained.

For this

reason, three chioromethylated condensation polymers were chosen to
study the quaternization in order to establish the role which polymer
structure plays in the kinetic behavior.

These condensation polymers

are chioromethylated PPO, 8 , polysulfone, £ , and acetylated phenoxy
resin, 11; the low molecular weight analogue is 14, the segment of
polysulfone.

3.4

Results and Discussion
Quaternization of amines with alkyl halides exhibit second-order

kinetics and for such reactions, the rate is given by the fa m ilia r
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equation (eq. 3-1):

,

dx = k (a -x )(b -x )

, n
( e q *

3

- 1

}

where x is the concentration of halogen ions at time t , a is the
in it ia l concentration of base, b is the in it ia l concentration of alkyl
halide, and k is the rate constant.

The integrated form of eq. 3-1 is:

f(x) = ___L - in _b(.a: x.)
(a-b)

a(b-x)

,

^

(eq‘ 3"2)

A plot of f(x ) vs. time should be lin e a r, with slope equal to k.
The second order nature of quaternization in our system was
confirmed by the rate studies on the model compound.

Although benzyl

chloride is usually selected as the model for chioromethylated
polymers, we chose a difunctional model that would be sensitive to
neighboring group effects. As described in Chapter 2, condensation of
4-chlorophenyl phenyl sulfone with the disodium s a lt of bisphenol-A
yielded an excellent model for the polysulfone segment, 13.
Quantitative chioromethylation of 13_with a chioromethyl methyl
ether/methyl acetate mixture in the presence of SnCl4 afforded the
corresponding bischioromethyl adduct, J4.
There is a pair of -CH2 CI per model molecule; in the case
of equal re a c tiv ity of these two functional groups, lin e a rity in
the second order kinetic plot should appear up to quantitative
conversion; otherwise, deviation should appear at around 50%
conversion.

Quaternization of 14 with trie th y l amine in DMSO
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(Figure 3 -2 ), and with quinuclidine in DMSO/dioxane (50:50) (Figure
3-3) proceeded to completion with no deviation from second order
kin etics.

No neighboring group e ffe c t was observed.

The experimental

results indicated that these two -CH2 CI in the same molecule have
the same re a c tiv ity toward te rtia ry amines.

This equal re a c tiv ity can

be expressed by Equation 3-3, and where k0 and ki represent
the rate constants for quaternizing the f i r s t , and subsequently, the

ch2ci

.(3 -3 )

•S02

!2NR3 Cl
S02<(.

)y x ^

'

feitaa cf

second -CH2 C I, k0 “k i .

The kinetic data for the

reaction of 1£ with triethylam ine and quinuclidine are
summarized in Table 3 -2 , where a and b represent the concentration of
amine and -CH2 C I, respectively.

Note that the reaction of

quinuclidine is two orders of magnitude faster than that of
triethylam ine even a fte r the rate has been moderated by mixing dioxane
with DMSO.
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1.4 -

L2-

1.0 -

Co(Ao-X)
A o(C»-X)

50'

5
35'
A-

20

24

TIME (hour)

Figure 3-2.

Quaternization of 1£ with trie th y l amine in DMSO;
o, [-CH2 C1], 0.0248“meq/ml, [TEA], 0.0530 mmol/ml;
0 , [-CH2 C1], 0.0248 meq/ml, [TEA], 0.0530 mmol/ml;
□ , [-CH2 C1], 0.0249 meq/ml, [TEA], 0.0510 mmol/ml;
a , [-CH2 C1], 0.0250 meq/ml, [TEA], 0.0500 mmole/ml.
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1.2 -

,30
20

1.0

-

CslA

Ao(C

.8 -

.4-

. 2-

TIME(min.)
Figure 3-3.

Quaternizatlon of 14 with quinuclidine in DMSO/dioxane
(50:50, v :v );
=
o,
[-CH2 C I], 0.0254 meq/ml, [q u in u .], 0.0254 mmol/ml;
0,
[-CH2 C I], 0.0251 meq/ml, [q u in u .], 0.0520 mmol/ml;
□»
[-CH2 C I], 0.0258 meq/ml, [q u in u .], 0.0520 mmol/ml;
a,
[-CH2 C I], 0.0257 meq/ml, [q u in u .], 0.0535 mmole/ml.
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Table 3-2.

run

Quaternization of Chioromethylated Model Compound, 14.

T, °C

a
(mmol/ml)

b
(meq/ml)

a/b

k x 10‘ 3
( 1 ./m o l.sec.)

% conv.

Ea
(Kcal/mole)

log ,

13.5

5.99

9.6

5.8

With Triethyl amine in DMSO

1

61

0.0530

0.0248

2.14

1.46

86.3

2

50

0.0530

0.0248

2.14

0.691

71.4

3

41

0.0510

0.0249

2.05

0.402

63.9

4

35

0.0500

0.0250

2 .0 0

0.267

55.2

0.0246

2.17

0.335

60.00

In DMSO/Dioxane (50:50)
50

60

0.0535

With Quinuclidine in DMSO/Dioxane (50:50)

6

35

0.0505

0.0254

1.99

101

82.3

7

30

0.0520

0.0251

2.07

80.5

81.3

8

26

0.0520

0.0258

2 .0 2

64.3

74.8

9

20

0.0535

0.0257

2.08

47.1

75.1
00

Un

86

The equivalent re a c tiv ity of the two chioromethyl groups on
14 is contrary to the observations of Chow and Fuoss, ! 15 who
reported that the quaternization of the second nitrogen in the
bis(pyridyllalkanes was much slower.

This negative deviation was

attrib u ted to the extramolecular ele c tro sta tic f ie ld e ffe c t produced
by the positive charge on the f i r s t nitrogen.

I t is obvious that the

e le c tro s ta tic e ffe c t did not appear in the polysulfone model system;
furthermore, steric hindrance can also be ruled out.

I t may be argued

th at the highly polar aprotic DMSO (d ie le c tric constant = 46.7)
solvated the charged species and diminished the ele c tro sta tic e ffe c t.
However, this hypothesis is immediately contradicted by the results
obtained in a s ig n ific a n tly less polar DMSO/dioxane (50:50) mixture.
Apparently the chioromethyl sites in the model compound are shielded
from each other by the re la tiv e ly rig id isopropylidine bridge, as
shown in 15, which re s tric ts the rotation of the aryl units in the
oxyphenylene structure.
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3.4.1

Quaternizatlon of Chioromethylated Polymers
A survey of the reaction conditions required to quaternize

chioromethylated condensation polymers in homogeneous media revealed
that mixed solvent systems would be required to handle
po ly(o*y-2, 6 -dimethyl-3-chloromethyl- 1 ,4-phenylene), £ .

The

reaction of trie th y l amine with chioromethylated polysulfone proceeded
cleanly in pure DMSO, and a model compound was easy to synthesize.
Therefore, we focused our in it ia l attention on polysulfone
derivatives.
Chi oromethylated polysulfone containing an average of 1.9
chioromethyl groups per repeating u n it, 16, was treated
with trie th y l amine in DMSO.

We expected the isolation of active sites

demonstrated with the model 14^ would prevail in the polysulfone
system.

This was not the case, as is evident in Figure 3-4.

The

kin etic plots are concave downward because the quaternization of
the polysulfone proceeds less and less rapidly as the degree of
conversion increases.

The quaternization of 1£ with TEA can be

modeled by two reaction rate constants, kg and k2 *

Normally,

three individual rate constants, ko» kj., and k2 are
defined for polymer modification, as shown in equation 3 -4 , where A
represents a polymeric functional group which was chemically
transferred to B.
k
AAA —

These constants depend on the distribution of

ABA

^1

ABA - - - - > ABB

(3_4)

^2

ABB - - - - > BBB
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reacted sequences along the chain.

In the in it ia l state of

quaternization, the reaction is undoubtedly a random process along a
given polymer chain, and the probability of quaternization of a s ite
which has a reacted neighbor is small, but as the reaction proceeds
beyond 1/3 conversion, a deviation should appear i f kg ¥ k^.
On the other hand, when the degree of quaternization is 50%, the
majority of the chioromethyl groups have two quaternized neighbors.
However, the kinetic behavior of the model compound indicated that the
chemical re a c tiv ity of a given -CH2 CI group is independent of
whether its nearest neighbor has reacted or not.

Therefore, i t is

reasonable to assume that for quaternization of 16 the relation
between these rate constants is ko « ki > k2 , where k2
pertains to reactions on an extended chain with a highcharge density.
The values for kg and k2 estimated from the slopes of
conventional second-order plots are summarized in Table 3-3.
ra tio s , ko/k 2 j are also reported.

The

These ratios remain quite

constant for a ll runs except 14 and 15, in which the concentration
ra tio of amine: -CH2 CI is about 10.

Note also that the rate

constants for these two runs, 14 and 15 are slower than runs 11 and 12
where the concentration ra tio of amine:-CH2 Cl is 2.
observation was made by

K a w a b e ^ 7

A sim ilar

-jn the ami nation of

chioromethylated polystyrene with 2-ami nobutanol in DMSO.

This

abnormal phenomenon is not fu lly understood, but the po ssib ility of a
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Table 3-3.

run

Quaternization of Chioromethylated Polysulfone.

T, °C

a

b

(mmol /m l)

(meq/ml)

a/b

kQ x 1

k2 x 103

( 1 ./mo

( 1 ./m o l.sec.)

kQ/k 2

Ea

log A

(Kcal/mole)

Treatment of 16 Triethyl amine in DMSO

10

60.5

0.0530

0.0252

2 .1 1

1 .2 2

1.03

1.18

11

50.5

0.0530

0.0248

2.14

0.709

0.585

1.21

12

41

0.0510

0.0250

2.04

0.393

0.311

1.26

13

31.2

0.0505

0.0238

2 .1 2

0.196

0.169

1.16

14

51

0.249

0.0251

9.92

0.464

0.309

1.50

15

41

0.251

0.0249

0.263

0.173

1.52

0.815

0.653

1.25

1 0 .1

12.4

5.26

In the presence of 1% wt. NH4 NO3
16

51

0.0510

0.0251

2.03

0.0535

0.0250

2.15

In DMSO/Dioxane
17

60

VO

o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3 -3 .
run

continued.

T, °C

a

b

(mmol/ml)

(meq/ml)

a/b

kQ x 103

k2 x 103

( 1 ./m o l.sec.)

( 1 ./m ol.sec.)

Ea

k0 /k 2

log t

(Kcal/mole)

Treatment of 17 Triethyl ami ne in DMSO

18

60

0.0545

0.0250

2.18

1.23

1.13

1.09

19

50

0.0505

0.0250

2 .0 2

0.703

0.565

1.24

20

41

0.0530

0.0250

2 .1 2

0.375

0.341

1 .1 0

21

31

0.0505

0.0243

2.08

0.195

0.173

1.13

12.4

5.37

Treatment of 16 with Quinuclidine in DMSO/Dioxane.

22

31.5

0.0498

0.0247

2 .0 2

87.0

58.9

1.48

23

26.2

0.0510

0.0255

2 .0 0

6 6 .0

45.5

1.45

24

20

0.0484

0.0249

1.94

49.1

32.9

1.49

8 .8

5.2

Treatment of 16 with Tri-N-butylamine in DMSO/Dioxane

25

66

0.052

0.025

2.07

0.280

26

61

0.052

0.025

2.08

0 .2 1 0

27

55

0.051

0.025

2.04

0.123

16.4

7.05

solvent po larity change due to the high concentration of amine
required can not be ruled out.
Copolymers of high content styrene and 4-vinyl pyridine have been
reported to follow normal second order kinetics by Morcellet-Saurage
and Loucheux120; they concluded that even the presence of the
macromolecular backbone does not change the re a c tiv ity of the
functional group i f its two neighbors are in e rt.

One can extend this

idea to a polysulfone system, only i f one can uniformly d istrib ute a
small number of chioromethyl groups along the polysulfone chain.

An

attempt to use a polysulfone with an average of O.5 -CH2 CI/repeat
un it was thwarted by its in s o lu b ility in DMSO.

The lowest degree of

substitution at which the derivative remained soluble was an average
of 1.2-CH2C1/repeat u n it, Y7_.

The experimental results from

quaternization of 17 are included in Table 3-3, runs 18-21, and
Figure 3-5 shows the conventional second-order plot.

Comparison of

the results from polysulfone substituted to two d iffe re n t degrees show
th at there is not a sign ificant difference between them; moreover, the
k in e tic parameters, Ea and A, are equal within experimental error.
Furthermore, the break points where deviation from the in it ia l rate
occur are at the same percentage conversion, that is 51 ~ 52$.
A possible explanation for the fa ilu re of the isolated reactive
s ite hypothesis on polysulfone could be nonuniform distribution of
chioromethyl groups along the polymer backbone.

Although the average

degree of chioromethylation is I . 2 -CH2 CI per u n it, i t is
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60'

50'

20

24

TIME (hour)

Figure 3 -5 .

Quaternization of 17 with triethylam ine in DMSO;
o, [-CH2 C1],
0.0250“ tieq/ml,[TEA],0.0545
nmol/ml;
O, [-CH2 C1],
0.0250 meq/ml,[TEA],0.0505 mmol/ml;
□ , [-CH2 C1],
0.0250meq/ml,[TEA],0.0530 ranol/ml;
a , t-CH 2 C l],
0.0243 meq/ml,[TEA],0.0505 mmole/ml.

VO
<
jO

d if f ic u lt , even impossible, to regulate the micro distribution of
these groups on the polymer.

The chioromethylation of polymer is a

random process, but during the reaction, some segment of the polymer
chain may develop a high density of functional groups.

Up to this

point, one can conclude that the average degree of chioromethylation
has l i t t l e influence on the kinetic behavior.

3 .4 .2

Impact of Steric Hindrance
Most observations of rate retardation in polymer modifications

have been attributed to steric hindrance.

In order to estimate the

s te ric influence of the re la tiv e ly bulky t r 1 ethyl benzyl ammonium
substituent on unreacted s ite during quaternization, quinuclidine was
chosen as nucleophile.

I t is well known that nucleophilicity of

quinuclidine in displacement reactions is greater than that of
trie th y l amine, 140 since bicyclic amines are less s te ric a lly
hindered.

Preliminary experiments on the quaternization of

chioromethylated polysulfone with quinuclidine in DMSO showed that the
reaction velocity was too rapid to Investigate using our experimental
techniques, I . e . , 85% conversion was obtained with three minutes.
Therefore, we were forced to add a less polar solvent to DMSO in order
to reduce the reaction rate.

I t was found that a 50:50 (v/v) mixture

of dioxane and DMSO dissolved both chioromethylated and quaternized
polysulfone so the rate could be measured in a homogeneous system.
The introduction of a nonpolar solvent reduced the in it ia l rate of
trie th y l amine substitution fourfold (Table 3 -3 , run 17).
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The ■initial velocity of quinuclidine substitution is
s ig n ifican tly faster than that of trie th y l amine at the same
temperature (Table 3-3, runs 22-24), even though the former was
investigated in a mixed solvent. Similar results were found in the
quaternization of the model compound.

I f a steric e ffe c t were

considered to be the sole factor producing the decrease in kg with
respect to ko, one expects that:

( 1 ) ko/kg fo r quinuclidin

substitution should be smaller than kg/kg fo r TEA substitution
and/or ( 2 ) the in it ia l lin e a rity in the second order plot would extend
beyond 52% conversion where deviation occurs in the
system.

trie th y l amine

Experimental results refute these expectations; rate

retardation is enhanced in quinuclidine reactions; furthermore, the
break point is almost the same for both cases (Figure 3 -6 ).
We anticipated a more pronounced steric e ffec t to appear in
substitutions with tri-n-butylam ine.

Since this amine is not soluble

in DMSO, we were forced to use the DMSO/dioxane mixture.

The

corresponding in it ia l rate for trib u ty l amine was s lig h tly less, (runs
25-27), than the TEA rate, and no break point was detected.

The rate

reduction can be attributed to the reduced nucleophilicity of
trib u ty l amine and the nonpolar solvent character of long chain
alip hatic amines.

The absence of a break point indicates that no

sig n ifican t neighboring group steric e ffe c t is contributing to the
retardation.

These observations lead us to believe that a steric

e ffe c t is not the sole factor responsible for the deceleration.
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1.0 -

Co(Ao-X)
Ao(Co-X)

20

c

. 2-

TIME(min.)

Figure 3-6.

Quaternization of 16 with quinuclidine 1n DMS0/d1oxane
(50:50, v:v);
—
o,
[-CH2 C1 ] , 0.0247 meq/ml, [q u in u .], 0.0498 nmol/ml;
O,
[-CH2 C I], 0.0255 meq/ml, [q u in u .], 0.0510 mmol/ml;
□,
[-CH2 C I], 0.0249 meq/ml, [q u in u .], 0.0484 mmol/ml;
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3.4.3

Impact of Added E lectrolyte
Whenever an uncharged polymer chain is converted to a ionic

polymer either by titr a tio n or by chemical modification, the mutual
repulsion of the ionized species may lead to chain expansion.

The

consequence of chain expansion w ill indeed a ffe c t the conformation of
polymer in solution, consequently, i t could in turn change the
chemical re a c tiv ity of the polymer.

In order to investigate whether

the conformational change of the polymer during reaction influences
the kinetics of quaternization, Boucher and co-workers*2^ measured the
reduced viscosity during the quaternization of poly(4-vinylpyridine)
with n-butyl bromide in propylene carbonate; these measurements were
conducted in the presence or absence of an added e le c tro ly te , N-ethyl
pyridinium bromide.

The reduced viscosity was found to increase to a

maximum value at 15% conversion, and then gradually decrease.

Upon

addition of e lectro lyte, the reduced viscosity remained constant
throughout the reaction.

They found no sig n ifican t e ffec t of added

s a lt on kinetic measurements, except in runs which exhibited a
cloud-point as the reaction proceeded.
retardation was observed.

In these cases an enhanced

The retardation in rate produced by added

s a lt was proposed to be due to a global e ffe c t, i . e . , a decrease in
the overall dimension of the macromolecules as the cloud-point was
approached.
In order to ascertain the influence of added salts on the
quaternization of polysulfone, the kinetics were measured in the
presence of 1% ammonium n itra te (run 16 in Table 3 -3 ).

Salt

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

98

concentrations up to 1% could be employed before the chioromethylated
polysulfone began to s a lt-o u t, and no interference in the titr a tio n
process was detected.

As shown in Figure 3-7 there was no appreciable

a lte ra tio n in the rate p ro file , but the in it ia l rate increased by 15%;
th is rate increase is consistent with the anticipated accelerative
s a lt e ffe c t for reactions involving polar tran sition states.

The

reduced viscosities measured as the reaction progressed are shown in
Figure 3-8.

A sharp increase in the viscosity was observed in the

in it ia l stage of reaction i f no e le c tro ly te was added.

Upon addition

of 1% NH4 NO3 , no sign ificant change in the reduced viscosity
was observed.

These results imply that quaternized polysulfone tends

to expand to maximum extension i f no s a lt is present, but maintains an
equilibrium dimension when electrolytes are present to shield the
developing charges along the chain.

However, no change is observed in

the rate p ro file in the presence of added salts so the chain expansion
can not be responsible for the rate retardation at high degrees of
conversion.

3 .4 .4

Impact of Chain F le x ib ility
Chioromethylated polysulfone indeed exhibits d iffe re n t kinetic

behavior in the quaternization with TEA than its corresponding model
compound.

From experimental results, i t is clear that the rate

retardation is not due to steric hindrance, the degree of
chioromethylation on the polymer chain, or a s a lt e ffe c t.
Stereoisomeric effects are not a potential facto r, since
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1.0-1

Co(Ao-X)

,6 0
1

c

.4-

.2-

TIME(hour)

Figure 3-7.

Quaternization of 1£ with tr1ethyl amine In DMSO a t 51°C;
o, [-CH2 C1], 0.02Slneq/nil, [TEA], 0.051 mmol/ml;
1 wt % NH4 NO3 ;
□ , [-CH2 C I], 0.025 meq/ml, [TEA], 0.053 mmol/ml.
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chioromethylated polysulfone consists of only one detectable isomer.
In spite of these results, we knew that the polymer backbone must play
an important role in this reaction.

Under the same experimental

conditions used to quaternize chioromethylated polysulfone,
poly( vinyl benzyl chloride) exhibited normal second order kinetics with
an Ea of 10.4 kcal/mole, as shown in Figure 3-9.

Noda and Kagawa also

observed the same phenomenon in the quaternization of chioromethylated
polystyrene with TEA in DMF (Ea = 10.5

k c a l / m o l e ) .

135

major

difference between these two systems is the polymer backbone;
polysulfone being composed of a sequence of s t i f f aryl units.
Bond f le x ib ilit y which in turn determines chain f le x ib i li t y , has
sig n ifican t influence on the physical properties of a polymer.

The

f le x ib i li t y of a given polymer is derived from the freedom of internal
rotation of bonds in the main chain.

In solution, i f rotations and

folding of the chain backbone involve re la tiv e ly small changes of
energy, the entropy gain from the increasing number of accessible
configurations may favor the formation of charged products that
require d iffe re n t environments.

On the other hand, i f the required

energy for rotation of a polymer chain bond is high, rotation to form
more stable product configurations w ill be in hibited, and the
accessibility of the remaining reactive sites may be lim ited .

In

order to investigate this factor in more d e ta il, a condensation
polymer with a fle x ib le connecting segment, chioromethylated
acetylated pheno*y resin, 1 1 , was chosen.
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60'

65°
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Figure 3-9.

2

4

6

Quaternization of poly(vinylbenzyl chloride) with
trie th y l amine 1n DMSO;
o,
[-CH2 C1], 0.023 meq/ml, [TEA], 0.048 mmol/ml;
,
[-CH2 C1], 0.024 meq/ml, [TEA], 0.055 mmol/ml;
,
[-CH2 C1], 0.024 meq/ml, [TEA], 0.051 mmol/ml;
a,
[-CH2 C1], 0.025 meq/ml, [TEA], 0.053 mmol/ml.
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Phenoxy resin was prepared from bisphenol-A and epichlorohydrin,
and the secondary hydroxyl groups produced by the condensation were
protected by acetylation.

A fter chioromethylation, the functional

groups are located on the bisphenol-A unit ortho to the ether linkage.
Functional groups on polysulfone are located in the same re la tiv e
position so the a c tiv ity of -CHgCl on e ith er polymer should be
id e n tic a l.

In fa c t chioromethylated phenoxy resin is more active that

16, (see Table 3-4 and Figure 3 -1 0 ).

No appreciable chang

rate p ro file was observed, but the break point shifted to a higher
extent of conversion.

The functional groups are more accessible and

the charged groups can be stabilized by formation of polar domains.
Introduction of a fle x ib le glyceryl ether repeat unit reduces the
stiffness of the polymer backbone; fo r example, the glass transition
fo r bulk phenoxy resin is 100° C and Tg of the chioromethylated
acetyl ated derivative drops to

6 0 ° C .^ 0

j n contrast, chi oromethyl ated

polysulfone exhibits a glass tran sition of 175°C; th is rig id ity must
p ersist in solution and lim it free rotation of the polymer chain.

The

rig id aromatic groups extend the chain and make i t d if f ic u lt for chain
folding to create small domains. * 0 2
Poly(oxy-2,6-d1methyl-3-chloromethyl-l,4-phenylene), 8 contains
approximately the same concentration of reactive sites as
poly(vinylbenzyl chloride), but i t is not a mixture of stereoisomers.
Treatment of £ with a 25% methanolic trimethyl amine solution
produces a solution of quaternized derivative suitable for film
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Table 3 -4 .
run

Quaternization of Chioromethylated Acetylated Phenoxy Resin, 11, with Triethylamine in DMSO.

T, °C

a

b

(nmol/ml)

(meq/ml)

a/b

kQ x 103
(1

./m ol.sec.)

k2 x 103

Ea

V k2

( 1 ./m o l.sec.)

log /

(Kcal/mole)

28

60

0.0510

0.0256

1.99

2 .8 8

2.41

1 .2 0

29

50.5

0.0515

0.0254

2.03

1.80

1.51

1.19

30

41.3

0.0515

0.0256

2 .0 1

1.17

0.839

1.39

31

31.8

0.510

0.0250

2.04

0.608

0.435

1.39

10.9

4.62

105

.8-

32°

CofAo-X)
A<4Co~X)

.6 -

5

.4 -

.2 -

TIM E (hour)

Figure 3-10. Quaternization of
with trlethylanvine 1n DMSO;
o, [-CH2 C1],
0.026Tmeq/ml,[TEA],0.051mmol/ml;
O, [-CH2 C1],
0.025 meq/ml,[TEA],0.052 mmol/ml;
□ , [-CH2 C1],
0.026 meq/ml,[TEA],0.052 mmol/ml;
a ,
[-CH2 C1],
0.025 meq/ml,[TEA],0.051mmol/ml.
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casting.

Approximately 60% of the active chloride can be quaternized

a t room temperature; complete quaternization required an
a fte r treatment at 90°C for several hours.

The rate retardation noted

q u a lita tiv e ly was confirmed by a careful evaluation of the reaction of
triethylam ine with 8 ^ in 1:1 DMSO-THF.

As Figure 3-11 shows, a

pronounced retardation occurs when 33% of the chioromethyl
substituents had reacted.

Although 1t would appear that the bulky

trie th y l ammonium substitutent is creating a steric hindrance to
further reaction, the orthogonal conformation of adjacent aromatic
rings should allow ready access to residual chioromethyl sites.

The

bulk glass tran sition of 8 occurs around 150°C, and the segment
rig id ity is augmented by localized restrictions to chain rotation.
Thus, quaternized 8 ^can not fold into the configurations which
s ta b ilize high charge density.
During quaternization of chioromethylated polymers, the positive
charge density gradually increases on the polymer chain.

The

polyelectrolyte f a ils to dissociate completely; an equilibrium is
established between the macroion and variously bound
counterions . 141
categories:

The counterions can be classified into three

counterions freely moving outside the region occupied by

macroions, those bound but mobile within small domains in the
macroion, and those bound to individually charged groups on the
macroion.

The re la tiv e concentration or freely moving counterions is

very small and can be supressed completely by adding salts.

Thus, the

most sig n ifican t factor controlling introduction of additional charge
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w ill be the distribution between bound but mobile and individually
bound counterions.

In polar solvents, fle x ib le polymers fold into

configurations which contain polar domains with high d ie le c tric
constants, and most of the ionic functional groups reside within these
domains.

The number of localized counterions is estimated to be small

in strongly dissociative polyelectrolytes.
I f the f le x ib ilit y of the polymer chain is reduced, the tendency
to fold into domains must decrease.

Each charge must be localized

within the polymer backbone, which is a low d ie le c tric region.
Solvation of individual counterions w ill become the primary mode of
product s ta b iliz a tio n .

I f the counterions are tig h tly bound to

individual groups, the solvent molecules must be highly ordered to
e ffe c t solvation.

Further, the extent of solvation w ill have a

pronounced impact upon the s ta b ility of the tran sition state, and the
reaction rate w ill be very sensitive to solvent variations.

We have

noted that DMSO is very d if f ic u lt to remove quantitatively from
quaternized polymers and that the pclyquats are extremely hydroscopic.
These observations indicate that solvent molecules are very strongly
bound to the ionic sites.
Our results to date suggest that the f le x ib ilit y of the polymer
backbone plays the most important role in polymer re a c tiv ity ,
p a rtic u la rly i f there is a sig n ifican t change in the p o larity of the
polymeric derivative.

Rigid polymer chains can not contribute

sig n ific a n tly to solvation.

Retardation of substitution rates occurs

because the resultant product must be formed in a non-polar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

environment and s ta b iliz a tio n though solvation is re s tric te d .

Thus,

accessib ility of active sites is not the dominant factor in
determining re a c tiv ity .

3.5

Experimental

Materials:
Chloromethylated polysulfone, the corresponding model compound,
14, and chloromethylated acetylated phenoxy resin, 11 were
prepared by the procedures described in Chapter 2.

The chlorine

content of the highly chloromethylated polysulfone, ITS, was
12.55%, corresponding to an average of 1.89 -CH2 C1 per repeating
u n it; fo r less substituted polysulfone, 17, the chlorine content
was 8.58% which was equal to 1.21 -CH2CI per repeating u n it.

The

chloromethylated model compound contained 9.45% chlorine corresponding
to 1 0 0 % chloromethylation, assuming a maximum of two -CH2 CI per
molecule.

The chloromethylation of acetylated phenoxy resin was 100%,

based upon two -CH2 CI per repeating unit.
Triethyl amine was pu rified by d is tilla tio n from CaH2 *
Quinuclidine was p u rified by sublimation before use.
Dimethyl sulfoxide was dried over Linde type 4A molecular sieves
or CaH2 *

Immediately p rio r to use, DMSO was fra c tio n a lly

d is tille d under reduced pressure.

Dioxane was reluxed with NaBtty,

and then fra c tio n a lly d is tille d .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Kinetic Measurement:
The following general procedure was used to obtain the kinetic
data.
2.1

The desired amount of polymer (approximatley 1.48 g of 16,
g of 17, 1.9 g of model compound, and 1.07 g of 11 fo r

preparing 100 ml of 0.05 N -CH2 CI DMSO solution was weighed (to
the nearest 0 .1 mg) into a 100 ml volumetric flask diluted to volume
and allowed to dissolve overnight.

A solution of 100 ml amine

corresponding to the desired molar ra tio of amine:
also prepared in a 100 ml volumetric fla s k .

-CH2 CI was

A fter equilibrating in a

waterbath maintained within j^0.05°C of reaction temperature, 5 ml of
each solution were withdrawn, and transferred to a beaker containing
15 ml of 0.1 N HNO3 ; th is mixture was blank.

The remaining

solutions were then mixed in a 250 ml reaction fla s k .

At appropriate

in terv a ls , aliquots (1 0 ml) were removed with eith er syringe or pi pet,
and immediately transferred to a 100 ml beaker which contained 15 ml
0.1 N HNO3 in order to terminate the reaction.

The terminated

mixture was diluted with 45 ml of d is tille d water.

F in a lly , the ionic

chloride content was assayed potentiom etrically with 0.025 N AgN03
solution using a chloride selective electrode to detect the end
point.
The potential titr a tio n was performed with Radiometer equipment:
a PHM 64 research pH meter, a TTT 60 t lt r a t o r , a ABU 13 autoburette
equipped with 25 ml burette, a TT 60 mechanically s tirre d titr a tio n
assembly, F1012C1 chloride selectrode, and K711 calomel electrode with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ill

double salt-bridg e, saturated KC1 and KNO3 , and sleeve junction as
reference electrode.
The end-po1nt, which ranged from -258 to -260 mv, was determined
by plotting mv against volume of AgN03 consumed; the system was
calibrated frequently using 0.1 N NaCl solution.

A typical titr a tio n

curve is shown in Figure 3-12.
Viscosity of reaction mixture was measured in a Ubbelohde type
viscometer, Cannon NO. 50 Z107, equipped with a glass jo in t on the top
of the receiving tube; th is could be sealed during the reaction
period.

A constant temperature bath, Cannon Model M -l, was used to

maintain desired reaction temperature within +_0.05°C.

The

experimental conditions, solvents used, molar ra tio of
amine/-CH2 C I, and reaction temperature are lis te d on the Tables in
this Chapter.
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reaction time, 24 hours.
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Chapter 4
Quatern1zat1on of Chloromethylated Condensation Polymers with
Tertiary Amines Containing Hydroxyl Groups
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4.1

Introduction
As shown in previous chapters, quaternization kinetic studies

involving polymers are extremely complex and interesting, since
several related factors are involved.

I t is quite d if f ic u lt ,

sometimes impossible, to separate, then examine one single factor in a
k inetic investigation.

From the observations in the previous chapter,

we suggested that the re la tiv e rig id ity and the accumulation of
positive charges on polymer chain are the major factors causing rate
retardation.

Neither steric hindrance nor changes in the polymer

dimension during the course of reaction have much influence on the
rate p ro file when e ith er trie th y l amine or quinuclidine was used as the
nucleophile.
Several investigations of quaternization of chloromethylated
polystyrene with amines containing hydroxyl functional groups have
been reported; there are cases in which kinetics conform to normal
second order reactions, and some cases in which the rate "constant"
e ith e r increased or decreased during the course of the reactions.

For

instance, Kawabe*2? observed that the reaction of chloromethylated
polystyrene with 2 -ami no-1 -butanol followed second-order kinetics in
DMF and DMSO, however, self-acceleration was observed in dioxane.

The

self-acceleration was attributed to the formation of intramolecular
hydrogen bonds between the hydroxyl group of an aminated neighbor and
the chlorine of unreacted -Ci^Cl in the transition state.
Hydrogen bond formation did not take place in DMF or DMSO due to th e ir
high p o larity and hydrogen bond accepting character.

D r a g a n ,* 3 6
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e t a l , observed autoacceleration in the reactions between CMPS with
hydroxyalkyl te rtia ry amines, such as 1 -dimethylamino-2 -propanol and
1-dimethylamino-3-propanol in either dioxane or N,N-dimethylacetamide.
They also observed normal second-order kinetics when CMPS reacted with
m ethyl-(2-hydroxylethyl) amine in DMF, whereas self-acceleration was
noticed in dioxane. 137

In the case of butyl(2-hydroxylethyl) amine,

rate retardation was found in DMF, and acceleration was observed in
dioxane.

Dragan137 claimed hydrophilic bonding and steric

hindrance were responsible for acceleration and deceleration,
respectively.

4.2

Quaternization of Chloromethylated Polysulfone
In order to investigate in more detail the influence of amine

structure on the quaternization of chloromethylated polysulfone, the
reactions of two te rtia ry amines containing hydroxyl groups,
2 -hydro^yethyl

dimethyl amine, 18, and b is( 2 -hydroxyethyl)methyl amine,

19, were studied.' The reaction conditions and rate constants
calculated from the slopes in the conventional second order plots for
chloromethylated model compound, 1£, and polysulfone containing 1.98
-CH2 C1 per repeating u n it, 20, are summarized in Table 4 -1 .
As Figure 4-1 illu s tra te d the data for quaternization of 14 with
2 -hydroxyethyl dimethyl amine

f i t a straight lin e plot at various

temperatures, these results confirm the v a lid ity of second-order
reaction, and also confirm that there is no difference in re a c tiv ity
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1.2-1

45°

35°
1.0 -

C o (A o -X )

.8 -

.4-

.2-

20

Figure 4-1.

40

60
80
TIM E (m in.)

Quaternization of 14
DMSO;
=
O,
[-CH2 C1], 0.0248
0 ,
[-CH2 C1], 0.0249
□ ,
C-CH2 c i ] , 0.0250
A ,
[-CH2 C1], 0.0251

with 2-hydroxyethyldimethyl amine in
meq/ml,
meq/ml,
meq/ml,
meq/ml,

[HEDMA],
[HEDMA],
[HEDMA],
[HEDMA],

0.0555 mmol/ml;
0.0545 mmol/ml;
0.0523 mmol/ml;
0.0530 mmol/ml.
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toward amines within the pair of chloromethyl groups on the same
repeat unit.
In contrast, as clearly shown in Figures 4-2 and 4 -3 ,
deceleration appears in polysulfone quaternization when approximately
h a lf of -CH2 C1 had reacted.

No sign ificant difference in the

kin etic pattern was found in the quaternization of chloromethylated
polysulfone with either tria lk y l amine or with hydroxyl alkyl amine; rate
retardation only is observed in the polysulfone system.

Neither the

"hydrophilic effect" nor "formation of hydrogen bond in transition
state" proposed by Kawabe, 1 2 6 * 129 e t a l, appear to pertain.

The

negative deviation can be attributed to the rig id nature of
polysulfone backbone, or the accumulation of positive charge on
polymer chain, as previously described.
The re la tiv e impact of nucleophilicity can be estimated by
comparison of the in it ia l rates, k0, of polysulfone
quaternization. The two hydroxyethyl substituents on 19^ create more
s teric bulk and reduce the nucelophilicity re la tiv e to mono
hydroxylethyl derivatives.

Extrapolation of the bis(2-hydroxyl e th y l) -

methyl amine data to temperatures comparable to those employed in the
2-hydroxyethyldimethyl amine runs reveals that 18 reacts 25 times
faster than 1£.

I f steric hindrance were the main factor producing

th is difference, the ra tio , k0 /k 2 , should either increase or
the deviation from second-order kinetics should occur e a rlie r in the
reaction with 1_9.

Neither is the case; the valve of k0 /k 2 is

1.8 fo r 18 and only 1.2 fo r 19^.

The apparent second-order
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Figure 4 -2 .

40

60
80
TIME(min.)

Quaternization of 20
DMSO;
—
O , C-CHpCl] , 0.0252
0 ,
[-CHoCl] , 0.0254
□ , [-CH2 C1], 0.0249
A , [-CH2 C I], 0.0256

100

120

140

with 2-hydro*yethyldimethyl amine in
meq/ml,
meq/ml,
meq/ml,
meq/ml,

[HEDMA],
[HEDMA],
[HEDMA],
[HEDMA],

0.0545 mmol/ml;
0.0585 mmol/ml;
0.0540 mmol/ml;
0.0535 mmol/ml.
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A o(C o-X)
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.2-

TIME(hour)

Figure 4 -3 .

Quaternization
In DMSO;
O , [-CH2 C1],
O , [-CH2 C I],
□ , [-CH2 C1],

of 20 with bis(2-hydroxyethyl)methyl amine
=
0.0241meq/ml, [BHEMA], 0.0510 mmol/ml;
0.0251meq/ml, [BHEMA], 0.0535 mmol/ml;
0.0245meq/ml, [BHEMA], 0.0525 mmol/ml;
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rate constant for the second phase of substitution is less sensitive
to the nature of nucleophile, which suggests that the retardation is
inherent to the polymer substrate rather than the attacking species.
Apparently, the high charge density developing along the chain 1s not
shielded by selective solvation by the hydroxyalkyl substituents.

4.3 Quaternization of Chloromethylated Acetylated Phenoxy Resin
The kinetics of quaternization of chloromethylated acetylated
phenoxy resin, 11^with hydroxylalkylamines reveals a d iffe re n t
behavior.

The amines used as nucleophiles were

2-hydroxyethyldimethyl amine, 1£, bis(2-hydroxyethyl)methylamine, 19,
and tri(2-hydroxyethyl) amine, ZU

One can see from Figures 4-4 and

4-5, an autoacceleration occurs when the nucleophile is either 18 or
19.

This acceleration phenomena appears when a unreacted -CH2 C1

has at least one quaternized neighbor, and must be attributed to the
presence of hydroxyl groups in the amine.

The more normal e ffe c t,

rate retardation was found when £1 was used as the nucleophile (Figure
4 -6 ); the negative deviation appears when around one f if t h of
-CH2 CI groups have reacted.
1n

Since the deviation occurs very early

the reaction, steric hindrance may be more pronounced in this

system.

Table 4-2 lis t s the experimental conditions and observed

apparent rate constants for each of these system.
According to Kawabe's observations129 self-acceleration in
the quaternization of chioromethylated polystyrene with hydroxyl
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Figure 4-4.

30
40
TIME(min.)

Quaternization of 11
DMSO;
=
O,
[-CH2 C1], 0.0263
0 ,
[-CH2 C1],0.0260
□ ,
[-CH2 C1], 0.0261
A ,
[-CH2 C1], 0.0256

50

60

70

with 2-hydroxyethyldimethyl amine In
meq/ml,
meq/ml,
meq/ml,
meq/ml,

[HEDMA],
[HEDMA],
[HEDAM],
[HEDMA],

0.0545 mmol/ml;
0.0550 nmol/ml;
0.0527 tmiol/ml;
0.0530 mmol/ml.
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Figure 4-5.

40
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60
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TIME(mln.)

Quaternization of 11
1n DMSO;
=
O,
[-CH2C1], 0.0253
O,
[-CH2C1], 0.0253
O,
[-CH2c i ] , 0.0252
A ,
[-CH2C1], 0.0253

160

with bls(2-hydroxyethyl) methyl amine
meq/ml,
meq/ml,
meq/ml,
meq/ml,

[BHEMA],
[BHEMA]
[BHEMA],
[BHEMA],

0.0548 mmol/ml;
0.0535 mmol/ml;
0.0525 mnol/ml;
0.0540 mmol/ml.
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.8n

70®

Ao(C0- X )

C o (A o -X )

.6-
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60°

. 2-
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Figure 4-6.

Quaternization of 11
DMSO;
=
O ,
[-CH2C1], 0.0259
O,
C-CH2C1], 0.0256
□ ,
C-CH2C1], 0.0263
A ,
[-CH2C1], 0.0255

with t r 1 ( 2-hydroxyethyl) amine 1n
meq/ml,
meq/ml,
meq/ml,
meq/ml,

[THEA],
[THEA]
[THEA],
[THEA],

0.0525 mmol/ml;
0.0540 mmol/ml;
0.0550 mmol/ml;
0.0520 mmol/ml.
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amines in non-polar solvent, dioxane, can be attributed to the
formation of hydrogen bond between the hydroxyl group on the
quaternized s ite with the chlorine on -CH2 CI 1n the tran sition
state.

However, self-acceleration disappears when a highly polar

solvent is used, and normal second-order kinetics was found.

In our

studies, i t is unlikely that hydrogen bond formation is responsible
fo r the observed self-acceleratio n , since the solvent used was DMSO;
i t should disturb the hydrogen bonds, and minimize the e ffe c t exerted
by adjacent hydroxyl groups on the tran sition state.
Letsinger and Savereide142 reported th a t, for the solvolysis
of derivatives of nitrophenyl acetate which bear negative charge, such
as potassium 3-nitro-4-acetoxybenzene sulfonate and
5 -n itro -4-aceto xysalicylic acid; p a r tia lly protonated poly(4 vinylpyridine) serves as a more e ffe c tiv e catalyst than 4 -p ic o lin e ,
the chosen model compound, or than e ith er non-protonated or highly
protonated p o ly (4-v in y lp y rid in e ).

In contrast, p a r tia lly protonated

poly(4-vinylpyridine) is a poorer catalyst than 4-picoline in the
solvolysis of 2 ,4-dinitrophenyl acetate, a neutral substrate.

In

m ildly acidic solution, poly(4-vinylpyridine) possesses both cationic
sites and basic nitrogen s ite s .

The former should serve to bind

anionic substrates, and the la t t e r should act as ca talytic center for
the hydrolysis of the ester.

For a fle x ib le polymer chain which has

p a r tia lly charged sites and c a ta ly tic a lly active s ite s , both functions
would coexist within a given molecule in a variety of spatial
relationships.

As a consequence, the difunctional polymer
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acts as an excellent catalyst for negatively charged substrates.

The

prerequisite to c a talytic a c tiv ity is the coexistance of both acidic
and basic sites; i t is easy to understand that non-protonated or
highly charged poly(vinylpyridine) are not e ffective catalysts, since
the former lacks the charged sites for binding the substrates, and the
la t t e r does not have enough c a ta ly tic centers to promote hydrolysis.
Ladenheim,68 e t a l , also observed rate acceleration in the
quaternization of p a rtia lly protonated poly( vinyl pyridine) with the
bromoacetate ion.

The rate acceleration also was explained

q u a lita tiv e ly in terms of the mutual e le c tro sta tic attraction of
po sitively charged poly(vinylpyridine) with the substrates carrying
opposite charge.

This a ttra c tio n , expressed as the degree of

acceleration, increases with increasing polymer charge, and decreases
with the addition of simple electrolytes which shield the e le c tric al
fie ld of a charged polycation.
The rate enhancement in the quaternization of
may be attributed to a hydrophilic a ttra c tio n .

with 1£ and 19^

When nearly one th ird

of chloromethyl groups have been quaternized, the positive charge
accumulated on polymer chain which may be solvated by the polar
nucleophiles, and the apparent concentration of the hydroxyalkyl
amines within the polymer coll is much higher than the macroscopic
concentration.
A comparable rate acceleration was not observed in the
quaternization of chloromethylated polysulfone with 18 and J9.*

The

hydrophilic a ttractio n could also e x is t in p a rtia lly quaternized
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polysulfone, but this e ffe c t is overcome by other factors; as a
re su lt, rate retardation was observed.

Due to the high f le x ib ilit y of

phenoxy resin, rotation of chain segments with hydroxyalkyl quaternary
groups attached can produce hydrophilic domains around the unreacted
chloromethyl groups.

The rig id structure of polysulfone makes a

spatial arrangement enhancing the concentration of quaternized sites
in the proximity of unreacted chloromethyl groups unfavorable, and
rate retardation was observed.

From the results obtained from these

two d iffe re n t polymers, i t is evident that not only the hydrophilic
attractio n but also the extent of chain f le x ib ilit y play important
roles in controlling the rate of quaternization when polyfunctional
nucleophiles containing hydroxyl groups are employed.
When chloromethylated acetylated phenoxy resin was treated with
trie th y l amine, the break point where deviation appeared was at about
60% conversion.

The rate constants at 60°C, for trie th y l amine, is

2.88 x 10“3 1 ./mol.sec, and for t r i ( 2-hydroxyethyl) amine, 21, is 0.448 x
10"3 1 ./mol.sec.

Although i t is well known that the nucleophilicity

of 21 is an order of magnitude less than trie th y l amine, the
early break point (= 20%) fo r 21^suggests that s teric hindrance is
the cause for the rate retardation.

Furthermore, the ra tio of the two

characteristic rate constants, k0/ k ' , is 0.8 fo r 2-hydroxyethyldimethyl amine, is 0.9 fo r bis(2-hydroxyethyl)methyl amine, and 1.2 fo r
tri(2-hydroxyeth yl) amine.

Since these values increase with increasing

hydroxyalkyl substituents on amine, this observation supports the
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hypothesis that steric hindrance in contributing to the retardation.
I f only hydrophilic attractio n effects were involved, one would expect
the rate enhancement should increase in the following sequence:
tri(2-hydroxyeth yl) amine, bis(2-hydroxyethyl)methyl amine,
2-hydroxyethyldimethyl amine.

I t seems that two factors, hydrophilic

a ttra c tio n and steric e ffec ts , counteract each other; the former is
responsible for autoacceleration, and the la tte r is producing rate
retardation.

The net deviation from normal second-order kinetics,

e ith e r positive or negative, is dependent upon which factor is
dominant in the course of reaction.

From the kinetic studies of these

amines selected, i t is clear that for bulky amines, such as
tri(2-hydroxyeth yl) amine, the steric e ffe c t overcomes the hydrophilic
action.

However, for smaller nucleophiles, such as 2-hydroethyl-

dimethylamine and bis(2-hydroxyethylJmethylamine, the presence of
hydroxyl groups is the dominant factor.
I t is interesting to note that insoluble polymer was found by
Luca,143*144 e t a l , in th e ir preparation of polyelectrolytes from
chloromethylated polystyrene with t r i ( 2-hydroxyethyl) amine in DMF at
70°C. For a low ra tio of -CHgClramine, that is 1:2, insoluble
polymer was formed according to Scheme 4-1; the cross-linked polymer
was formed by the reaction between unreacted -CHgCl and secondary
amines which come from an ami no-ether rearrangement.

In a subsequent

report, soluble cationic polyelectrolyte was successfully prepared at
high amine:-CH2 Cl ratios (up to 24).

The appearance of a signal

a t 1000-1100 cnH which is assigned to -CH2 -O-CH2 in IR
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Scheme 4-1.

Intramolecular Rearrangement during Quaternization
of Chloromethylated Polystyrene with
Tr1(2-hydroxyethyl) amine.
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spectra of dialyzed polymer and the Isolation of s a lt between
t r 1 ( 2-hydroxyethyl) amine and HCl indicate Intramolecular rearrangement
Indeed occurred in the preparation of this polyelectrolyte.

When a

high concentration of amine was present, the secondary amine on the
polymer was unable to compete with free amines in attacking unreacted
-CH2 C I,

therefore no cross-linking was found.

No insoluble cross-linked polymer was detected during our kinetic
studies

of chloromethylated acetylated phenoxy resin with

t r i ( 2-hydroxyethyl) amine in DMSO.

The reaction mixture stayed clear

in the period of reaction at 70°C. and the maximum conversion a fte r 9
hours is 67%.

From these observations, we believe no cross-linking

occurred in our studies, although the ratio of -CHgCl:amine under
our experiments is 1:2.

I t is d if f ic u lt to conclude whether an

intramolecular rearrangement occurred in the phenoxy resin system,
because the ether structure is already present in the backbone.

4.4

Summary of Kinetic Results of Quaternization of Chloromethylated
Condensation Polymers.
Table 4-3 summarized kinetic parameters and thermodynamic data

fo r quaternization of chloromethylated polymers and model compound,
14, with various amines.

Also included are the pKa values of the

amines and the rate constants at 298°K calculated according to
Equation 4-1.
Ea
log k = log A - _____________
2.303RT

(4-1)
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Table 4 -3 .

Substrate

Kinetic Parameters and Thermodynamic Quantities a t 298°K in Quaternization of
Chloromethylated Polymers and Model Compound, 14.

kQx 10"3 at 298°K
(1 ./m o l.sec.)

Ea

log A

(Kcal/mole)

S*

H*

G*

(cal/mol -K)

(Kcal/mol)

(Kcal/mol)

with quinuclidine (pKa=10.95)
CM-model compound, 14^
CM-polysulfone, 16

61.6
62.5

9.56
8.76

5.80
5.22

-33.9
-36.5

8.98
8.17

19.1
19.0

with treithylam ine (pKa=10.75)
CM-model compound, 14^
CM-polysulfone, 16
CM-Ac-phenoxy resin, 11

0.123
0.147
0.423

13.5
12.4
10.9

5.99
5.26
4.62

-33.0
-36.3
-39.2

12.9
11.8
10.3

22.7
22.6
22.0

5.55
5.81
4.70

-35.0
-33.8
-38.9

10.3
10.8
8.62

20.7
20.9
20.2

with 2-hydroxyethyldimethyl amine (pKa=9.31) in DMSO
CM-model compound, 14_
CM-polysulfone, 20^
CM-Ac-phenoxy resTn, U_

6.56
2.82
8.83

10.9
11.4
9.21

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 4-3 continued.

Substrate

k x 10
o

-3

a t 298 K

(1 ./m o l.sec.)

Ea

log A

(Kcal/mole)

4
S

*
H

4
G

(cal/m ol-K)

(Kcal/mol)

(Kcal/mol)

with bis(2-hydroxyethyl)methyl amine (pKa=8.52) in DMSO
CM-polysulfone, | 0

0.244

12.4

5.48

-35.3

11.8

22.3

CM-Ac-phenoxy resin, 11

0.585

10.9

4.76

-38.6

10.3

21.8

7.26

-27.16

with tri(2-hydroxyethyl)am ine (pKa=7.76) in DMSO
CM-Ac-phenoxy resin, 11

0.0257

16.2

15.6

23.7

133

I t seems that there is no correlation between the nucleophilicity
and basicity of the amines.

I t is easy to understand since basicity

is used in a thermodynamic sense and applies to equilibrium condition,
whereas nucleophilicity refers to a kinetic phenomena and, therefore,
is associated with reaction rate.

The most obvious example is the

comparison between trie th y l amine and quinuclidine.

The basicities of

these two amines are nearly the same, but quinuclidine is two orders
of magnitude more reactive than trie th y l amine even when the
quinnclidine re a c tiv ity was moderated by running the reaction in mixed
solvents (DMSO/dioxane).

The difference in nucleophilicity can be

explained in terms of steric factors.

With quinuclidine the nitrogen

atom is at an exposed bridgehead position, while with trie th y l amine i t
is p a rtia lly shielded by the three alkyl groups.

From the comparison

of rate constants in quaternization of these substrates, the
nucleophilicity of these amines decreases in the following sequence:
qui nuclidi ne, 2-hydroxyethyldimethyl ami ne, bi s(2-hydro*yethyl)methylamine, trie th y l amine, tri(2-hydro*ylethyllam ine.

This sequence is

consistent with the Increase the size of attached alkyl groups.

The

activatio n , S* are f a ir ly constant for a ll the reactions, and
they are a ll negative.

In bimolecular reactions, the complex is formed

by association of two individual reactants, and there is a loss of
translation and rotational freedom, so that S± is usually negative.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.5

Experimental

M aterials.
Chioromethylated acetylated phenoxy resin, 11_, and model compound
of polysulfone, 14, were the same materials as used in Chapter 3
Chioromethylated polysulfone, 20, had 12.99% of chlorine content
corresponding to 99% degree of chioromethylation, or to 1.98
-CH2 CI per repeating un it.
2-Hydroxyethyldimethyl amine, 18, was dried with KOH, then purified
by fractional d is tilla tio n before use.

B1s(2-hydroxyethyl) methyl amine,

19, and t r i ( 2-hydroxyethyl) amine, 21, were dried with KOH, and then
were d is tille d under reduced pressure prior to use.

Due to the high

viscosity of 21, i t did not f i l t e r through f i l t e r paper before
d is t illin g , 1t was transferred from the supernatant layer by pipet and
then transferred to the d is tillin g flask.
The procedure for purification of solvents and kinetic
measurement were the same processes as described in Chapter 3.
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Chapter 5
Preparation and Characterization Of Quarternized Condensation
Polymers

136
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5.1

Introduction
Quaternization of highly cross-linked chioromethylated

polystyrene is a well known method for the preparation of
1on-exchange resins.

On the other hand, i f chioromethylated polymer

is soluble the fin al product is classified as a polyelectrolyte.
Research in the polyelectrolyte fie ld has gained tremendous attention
in the la s t two decades; the rapid growth in this fie ld is mainly due
to the wide u t i l i t y of p o ly e le c tro ly te s ^ in industrial
applications such as:

paper coating, water treatment, te x tile

fin ish in g , and enhanced oil recovery.

Water soluble polymers are

c lassified into three main categories; non-ionic, anionic, and
cationic depending on the nature of the residual charge on the
polymer in solution.
cationic type.

Quaternized polyelectrolyte belongs to the

In the following discussion optimum conditions for

the preparation of polyelectrolytes based on polysulfone or PPO
backbones w ill be described.

5.2

Preparation of Quaternized Polymers
In order to maintain a homogeneous system for the kinetic

investigations, DMSO was chosen as solvent, because i t has a unique
property to dissolve non-charged starting materials and the final
charged polymers.

Due to its high boiling character, DMSO is very

d if f ic u lt to remove from reaction mixture a fte r the completion of
reaction. Recognizing this inconvenience, a modified method has been
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developed to simplify work-up and recovery of the fin al products in
laboratory scale preparations.
Trimethyl amine was not u tiliz e d as nucelophile in the kinetic
investigation of quaternization described in previous chapters, the
main reasons were: ( 1 ) commercially available trimethyl amine is
e ith e r a 25% aqueous or methanol 1c solution; thus a mixed solvent
system would have been required to maintain a homogeneous reaction;
(2) the boiling point of trimethyl amine 1s 3°C a t 760 mm, so losses
due to evaporation introduced excessive error in concentration
measurements by back t it r a t io n .

Regardless of these inconvenienties,

trimethyl amine is an excellent nucleophile and strong base.

The

quaternary ammonium s a lt of trimethyl amine on cross-linked
chioromethylated polystyrene is classified as strong anionic
ion-exchanger.*

Therefore, trimethyl amine was included as one

of the amines in the large scale preparations of quaternized
polysulfone and PPO.
Since DMSO is very d if f ic u lt to remove quantitatively from
the fin a l product, a low boiling solvent was sought for preparative
scale quaternization.

Non-polar solvents, such as CHCI3 , THF,

and dioxane, are excellent solvents for chioromethylated polymers;
unfortunately, at 25 ~ 30% conversion the p a rtia lly quaternized
polymer precipiates.

*Note that ion-exchange terminology c la s s ifie s resins according
to the charge on the counter-ions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

139

I t was reported by Lloyd and Durocher124 th at polyvinyl
benzyl chloride in aqueous latex emulsion form is very readily
attacked by triinethyl amine at room temperature, yielding a clear,
water-soluble polyquaternary s a lt in a matter of minutes.
Trimethyl amine is an excellent nucleophile; even under heterogeneous
conditions i t can attack -CH2 C1 and form quaternary s a lt.
I n i t i a l l y , trimethyl amine diffuses slowly into the polymer
m atrix, and forms a poly(quaternary s a lt).

At a certain degree of

reaction, this p a rtia l quaternized polymer w ill dissolve in a polar
solvent, which o rig in a lly was a non-solvent for the starting
m aterial.

This method can be applied successfully in the preparation

of trimethyl quaternary ammonium PPO, 22 and polysulfone, 23.

N(CH3)3 cr
22

i&CHshCI

+n(ch3 )3 c

r

23

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

Chioromethylated PPO suspended 1n methanol reacts at room
temperature with 10 molar excess of 25% methanolic trimethyl amine
solution.

The original white powder became a gel a fte r a half hour;

with continuously s tirrin g , the whole mixture became a clear, viscous
solution.

I t is clear th a t, in this modified method, the solvent,

methanol, and excess trimethyl amine can be easily removed either by
stripping with hot a ir or by using simple d is tilla tio n .
Approximately 70-80% of the active chloride on a quantitative
substituted polymer can by quaternized at room temperature; complete
quaternization required an aftertreatment at 50°C for about 12 hours.
This method is also applicable to the synthesis of 23. I t

is interesting to

note that i t takes 3 hours,

as compared with 30 minutes

reaction of 8 to convert to

a homogeneous phase from a

heterogeneous slurry.

observation implies that chioromethylated

This

in the

polysulfone is less active toward trimethyl amine than
chioromethylated PPO.

However, investigation of the quaternization

rate of chioromethylated PPO, £ , with trie th y l amine in THF-DMSO
mixture (v /v , 1:1) revealed that 8^ reacted much slower than the
polysulfone derivative under the same reaction conditions.

This

unusual slow rate is attributed to steric hindrance caused by the two
methyl groups in 2,6-posit1on of repeating unit of PPO.

When

trimethyl amine 1s used, the strong nucleophilicity and small size of
the nucleophile overcomes any steric hindrance.
An attempt to prepare the trie th y l quaternary ammonium
derivative of polysulfone, 24, in the same way as used to prepare 22
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and £3 was fa ile d .

When chioromethylated polysulfone mixed with

trie th y l amine in methanol at 50°C under vigorous s tirrin g , the
appearance of the mixture remained unchanged for 72 hours.

This

resu lt could be due to the fa ilu re of trie th y l amine to diffuse into
polymer matrix to in itia te the reaction.
fi(£>teCH3)3 C T

+ n(ch2ch3)3 c

r

24

Jones33 used a dioxane-water mixture to prepare a
polyelectrolyte based on chioromethylated polystyrene and
trimethyl amine.

The portion of water to dioxane was such that the

polymer was soluble in it ia ll y but precipitated as quaternization
proceeded.

Water was then added to redissolve the polymer.

Using a

sim ilar solvent mixture to maintain homogeneity provides a convenient
route to synthesize 24.

Instead of using dioxane and water, methanol

and THF were chosen as the components of the solvent mixture.

A

ra tio of methanol to THF, 20:80, was used to dissolve the
chioromethylated polysulfone; any higher portions of methanol w ill
precipitate the polymer.

A fter the polymer dissolved in

methanol-THF, an excess of trie th y l amine was added with s tirrin g at
50°C.

The clear solution would become turbid and polymer

precipitate as a gel when a certain percentage of reaction had
occurred.

At this point, enough methanol was added to redissolve the
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polymer.

Increments of methanol were added to the mixture as soon as

the solution clouded, until no more methanol was needed; a t this
stage, the composition of the solvent mixture is approximately 80%
methanol and 20% THF.

A fter the completion of reaction, solvents

were removed by d is tilla tio n .
The maximum conversion obtained in the preparation of 23 or 24
is approximately 75-85%.

However, quantitative conversion can be

achieved by using; (1) tenfold excess of amine, (2) higher reaction
temperatures, (3) prolonged reaction time, and (4) using a high polar
solvent, such as DMSO, DMF, etc.

The usual pu rificatio n method by

precipating polymer into non-solvent can not be applied to those
quaternized polymrs.

The most convenient way to purify 22, 23^, and

24, was to redissolve the polymer in methanol, f i l t e r the solutions
through glass f i l t e r , and fin a lly removing the solvent in a vacuum
oven.
The hydroscopic nature of these quaternized polymers increased
the d iffic u ltie s in determination of accurate percent composition
from elemental analyses.

Due to the additional content of hydrated

water, the calculated percentages of other elements, C, N, Cl, and S,
were higher than the values found.
The thermal behavior of chioromethylated polymers and th e ir
ammonium derivatives is d is tin c tly d iffe re n t.

Both starting

m aterials, chioromethylated PPO and polysulfone, decompose at a
temperature range of 350-450°C.

The polyquats, 22 and 23^

decomposed between 250-350°C, as illu s tra te d in the Figures 5-1 to
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5-4 where DTA and TGA plots of 22 and 23 are given.

The trie th y l

derivatives decomposed at a lower temperature range (200-250°C), as
demonstrated by DTA, Figure 5-5, and TGA, Figure 5-6.

One can note a

dependence of the thermal s ta b ility on the quaternary nitrogen
substituent, the thermal s ta b ility decreases as the size of the
substituents increases.

The presence of water bound to these

quaternized polymers is apparent from the thermal studies; the weight
loss at 100°C is the vaporization of bound water.
These three quaternized polymers, 22, 23, and 24 are soluble in
methanol, DMSO, and ethanol.

The two trimethyl ammonium derivatives,

£2 and 23, are water-soluble, however, 24, the trie th y l ammonium s a lt
of polysulfone, does not dissolve in pure water, but is soluble in
water containing a small portion of methanol.

The derivatives can

cast into clear and tough films from methanol; they maintain
mechanical s ta b ility in hydrocarbon solvents.

Films of 24 retain

s u ffic ie n t strength in neutral aqueous media, to serve as a
membrane.
Three factors, high viscosity of these quaternized polymers in
methanol-d4 , the presence of water, and incomplete conversion,
make ^-H and 13C spectra extremely complex, as shown in Figure
5-7 ~ 5-9.

However, the valuable information from these

spectra are the id e n tific a tio n of ammonium derivatives attached on
the polymer backbone.

The presence of bound water can be detected

from proton nmr spectrum, i. e .

Figure 5 -7 , where a sharp singlet

appearing at 4.8 ppm is assigned to water.

The quantity of bound
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Figure

5-1.
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DTA curve of 22 in nitrogen

at 20°C/min; ref,

-o

0X3
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Figure

5-2.

DTA curve

of 23^in nitrogen

at 20°C/min; ref,

glass bead.
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at 20°C/roin.
Figure

5-3.

TGA curve

of 22 in nitrogen

-o
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Figure 5-4.

TGA curve

of 23^ in nitrogen

-O

at 20°C/min.
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Figure 5-5.
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Figure 5-6.

TGA curve of 24 in nitrogen

at 20°C/min.
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Figure

5-7.

200 MHz ^H-NMR spectrum of 24.

(Methanol-d4 , 300°K).
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Figure 5-8.

200 MHz 13c_nmr

spectrum of 23.

(Methanol-d4 , 300°K).
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200 MHz 13C-NMR spectrum of 24.

(Methano1-d4, 300°K).
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water depends upon the nature, amount and counter-ion of the
functional group.

The moisture content can be expressed either in

percent of moisture per weight of wet resin, or in percent of
moisture per weight of dry resin, the la tte r expression was used in
the determination moisture uptake by 23. and 24, as demonstrated in
Figure 5-10.

The uptake of moisture from the atmosphere with

d iffe re n t re la tiv e humidities depends on functional groups attached
in resin; the content of moisture absorbed by trimethyl ammonium
derivative 23^, is higher than the amount absorbed by the
corresponding trie th y l amine derivative in the same re lative
humidity.
Since 24 is water-insoluble, i t could be treated as an
ion-exchange resin.

The capacity of exchange is the most important

property of an ion-exchanger, since i t permits a quantitative
determination of how many counterions can be absorbed by an
exchanger.

There are several methods available for the determination

of capacity; the method most commonly used in laboratory, introduced
by Griessbach,146 is based on the fact that cation exchangers in
the H+-form and anion exchangers in the 0H“-form can be
titr a te d with base and acid, respectively.

The neutralization end

point is estimated by plotting a typical titr a tio n curve.

This

method, based on direct titr a tio n of the ion-exchanger, permits a
precise characterization of exchanger capacity.
The trie th y l ammonium derivative, 24, was isolated in the
Cl"-form.

Hence 24 must be converted to its 0H"-form by
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Moisture absorption by 23^ (o) and 24 (□) as a function
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washing

with NaOH solution, before i t can be titra te d with standard

HC1 solution to determine its capacity.

Unfortunately, during

washing process with 1.0 N NaOH solution, 24 was swollen extensively
and to ta lly lost its mechanical strength.

Therefore, direct

treatment of 24 as ion-exchanger was abandoned until a method for
crosslinking the resin was developed.

5.3 Reaction of Chioromethylated Polysulfone with
1 ,4-Diazabicyclo(2,2,2)octane.
In p rin cip le, chioromethylated polymer can be cross-linked by
way of using a diamine, as shown below.

0 ^ > - ch2i5r 2~ n r 2

+nr2 c r
6 h2

For instance, 22 has been successfully cross-linked by subsequent
addition of 5% N,N,N'N'-tetramethyl propylenediamine,
(CH3 )NCH2 CH2 CH2 N(CH3 ) , to 60% quaternized 22, and
the fin al product retain its mechanical properties in aqueous media.
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Previous kinetic investigations had shown that quinuclidine was an
excellent nucleophile in quaternization of chioromethylated
polysulfone; in DMSO, the rate of reaction was too fast to follow
using our experimental techniques.

1,4-Uiazabicyclo(2,2,2)octane,

DABCO, is a diamine with the same steric structure as quinuclidine.
Therefore, DABCO was expected to exhibit the same chemical a c tiv ity
as quinuclidine for the f i r s t nitrogen, and the re a c tiv ity of second
nitrogen was expected to be somewhat less active than that of the
f i r s t nitrogen.

For example, i t has been reported that the rate of

quaternization of the second nitrogen in 1,3 -d i(4 -p y rid y l) propane is
approximately 70% of the f i r s t . 115
A preliminary attempt to prepare cross-linked polysulfone
was made by mixing a small amount of DABCO with chioromethylated
polysulfone in DMSO at room temperature.

The solution stayed as

clear as its original appearance, even a fte r 72 hours; raising the
temperature of this mixture to 50°C, only produced a slight
discoloration.

Apparently, no cross-linking occured under these

conditions; i f the polymer was cross-linked, the polymer should gel.
In order to investigate this puzzling observation in more
d e ta il, several kinetic runs were made with d iffe re n t ratios of
-CH2 C I:DABCO; the plots of percent conversion against time are
recorded in Figure 5-11.

At high ratios of -CH2 CI:DABC0, 1.6:1,

the extent of reaction leveled o ff at 75%, the same maximum
conversion was obtained when the concentration of DABCO is only
s lig h tly in excess, i . e . , a ra tio of -CH2C1:DABC0 of 0.85.

This
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Figure 5-11.

Extent of quaternization achieved a t varying molar ratios of
chioromethylated polysulfone to DABCO in DMSO/dioxane
(v /v , 50:50) at 25°C. o, -CH2C1:DABC0 = 1.6:1;
O , -(CH2 C I: DABCO = 0.85:1; □ , -CH2C1:DABC0 = 0.42:1.
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indicates that the maximum conversion one can obtain under these
experimental conditions is 75%, however, higher conversions up to
85-90%, can be reached i f the reaction temperature is raised to 50°C,
and DMSO is used as the solvent.
I f the second nitrogen in DABCO is assumed to be in e rt toward
-CH2 C1 a fte r the f i r s t nitrogen has been quaternized, then, at a
low ra tio , 0.42, of -CH2 CI/DABCO, the maximum percent conversion
observed should be 42%.

As shown in Figure 5-11, this hypothesis of

in e rt a c tiv ity of the second nitrogen is valid in it ia ll y but a slow
chloride displacement continues for more than 20 hours.

Furthermore,

in this reaction, the solution remained clear during the whole
reaction period, no evidence for cross-linking was found.

From these

resu lts, one can conclude that the second nitrogen in DABCO is
s ig n ific a n tly less active than the f ir s t nitrogen, and one can assume
that the reaction between the second nitrogen and residual
chloromethyl group is an intramolecular process.
To ascertain the intramolecular nature of the reaction between
the second nitrogen in DABCO and -CH2 C I, fresh chloromethylated
polysulfone solution was added to the reaction mixture at the
preselected time at which a ll DABCO molecules are consumed, as
indicated by the arrow in Figure 5-11.

No cross-linking occurred for

48 hours a fte r the addition of fresh reagent.

Further evidence to

support the intramolecular reaction was obtained by measuring the
re la tiv e viscosity during the reaction period.

As is illu s tra te d in

Figure 5-12, the re la tiv e viscosity increased sharply at in it ia l
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Figure 5-12.

Relative viscosity change as function of reaction time in the
quaternization of chioromethylated polysulfone with DABCO
a t various ra tio of -CH2C1/DABC0 in DMSO a t 25°C. o, -CH2 C I:DABCO =
1:1; □ , -CH2C1:DABC0 = 1 :0 .5 .
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stage; th is is attributed to the expansion of charged polymers.
However, the re la tiv e viscosity gradually declined a fte r passing the
maximum.

The decrease in viscosity can be explained by a contraction

of the polymer as intramolecular crosslinks force a compaction of the
charged substituents.
The sim ilar phenomenon has been reported by Regen147 e t a l .
They observed only intraresin counter-ion exchanges with acetate ion
in partial quaternized chioromethylated polystyrene (cross-linked
with 1% divinyl benzene, 200-400 mesh).

'CH2N(CH3)2(n-C4H9) "OAc diox(jne

Furthermore, they also found

'CH2N(CH3)2(n-C4H9) Cl
CH2OAc

this intraresin exchange followed second order kinetics.

On the

other hand, fu lly quaternized polymer carrying acetate
counter-ion did not react with added chioromethylated polystyrene.

0

-CH2il(CH3)2(n-C4H9) "OAc

+

No Exchange

® - ch2ci
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5.4

Viscosity Study of Quaternized Polymers
The behavior of ionized polymer in d ilu te solution is quite

d iffe re n t from that of non-ionized polymers.

The in trin s ic viscosity

of chioromethylated polysulfone is obtained by extrapolating the
reduced viscosity, or inherent viscosity to c=0, whre c is the
concentration of polymer in solution in g/100 ml, or g /d l.

As shown

in Figure 5-13, the straight lines obtained in these extrapolate to
the same value of Y-intercept, i. e . the in trin s ic viscosity, and the
slopes, k' and k", are well known as the Huggins and Kraemer
constants, respectively.
Figure 5-14, shows the reduced viscosity of trimethyl ammonium
derivative of PPO, 21, in methanol.

An interesting feature of curve

1 in Figure 5-14 is the anomalous shape of the curve of v red
vs. concentration in the experiment without added simple e le c tro ly te ,
NaCl.

This sharp rise in reduced viscosity when the solution is

diluted is a typical phenomenon of polyelectrolytes, and is mainly
due to the expansion of polyions in the absence of any added s a lt.
In a moderately concentrated solution, a polymer segment within the
polymer coil is identical with the medium surrounding the molecule.
Under these conditions, the expansion of the ionized polymer coil
has l i t t l e influence of vred.

However, as the polymer solution

is diluted with solvent, the polymer molecule become separated
from one another, and the electro static repulsion between ionized
groups on the chain cause the polymer molecules to expand.

When

the increase in reduced viscosity resulting from expansion of
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the molecular coil is greater than the decrease in reduced viscosity
due to lessened intermolecular interaction, therefore, the reduced
viscosity rises sharply with d ilu tio n .
Addition of small amounts of sodium chloride or other low
molecular weight electro lyte to a dilute solution of
polyelectrolytes, increases the ionic strength of the solution, and
also shields the ionic atmosphere around the polymer chain.
these effects cause the polymer to contract.

Both of

As shown in curve 2 of

Figure 5-14, the plot of reduced viscosity against concentration is
lin e a r.

From Figure 5-14, one can note that an increase in reduced

viscosity with dilution and a marked decrease in viscosity on the
addition of small amounts of s a lt, these two observations are typical
phenomena in polyelectrolyte studies.
The plots of reduced viscosity against concentration of
quaternary ammonium slats of polysulfone, 23^and 24, are shown in
Figure 5-15 and 5-16.

In contrast to the sharp rise in viscosity as

the solution of £2 is diluted, as shown in curves 1 of Figure 5-15
and 5-16, a plot of reduced viscosity against the concentration of 23
or 2£ pass through a maximum value, then gradually decrease (Figure
5-15 and 5 -16).

This is so because the expansion of charged polymer

reaches an upper lim it and the effects observed on further dilution
only re fle c t the decreasing interference between the expanded
polyions.

As one would expect, when s u ffic ie n t s a lt, NaCl, is added

to the system, the plots become lin e a r and the values of the
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Reduced viscosity plots of 22^ in methanol with various
concentrations of added sodTum chloride (m‘ ).
Curve 1, m'=0; curve 2, m'=1.04 x 10_2 M.
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Figure 5-15.
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g / 1 0 0 ml

Reduced viscosity plots of 23^with various concentrations of added
sodium chloride (m') in methanol a t 30.0°C. Curve 1, m'=0 M; curve 2,
m'=2.82 x ltr^M ; curve 3 , m'=1.04 x lCT^M.
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Figure 5-16.

0.8

Reduced viscosity plots of 2 £ w ith various concentrations of added
sodium chloride (m1) in methanol a t 30.0°C. Curve 1, m'=0; curve 2,xm
m'=2.82 x 10“% ; curve 3 , m'=1.04 x 10"% .
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in trin s ic viscosity decrease, these results indicate the contraction
of polymers in a media with high ionic strength.

5.5

Experimental
Preparation of trimethyl ammonium derivative of chioromethylated
PPO (22).
10 g of chi oromethyl ated PPO (0.05.93 eq. of -CH2 C I) and 209

ml of 25% trimethyl amine in methanol solution (0.593 mole of
trimethyl amine) were mixed with 200 ml methanol in a sealed 500 ml
round bottom flask equipped with a magnetic s t ir r e r .

Chioromethylated

PPO was o rig in a lly insoluble in methanol; 30 minutes la te r , the
suspended polymer became gelatinous.
solution a fte r one hour.

The mixture turned to a clear

The mixture was allowed to s t ir at room

temperature for 48 hours, then, in order to assure complete reaction,
the mixture was heated to 50°C overnight.
The excess trimethyl amine and methanol were removed by passing
a steam of hot a ir through the reaction mixture.

The solution became

very viscous, the la s t traces of methanol were removed under vacuum
a t 40°C.

14.06 g of 22_ was recovered a fte r pu rified by redissolving

into methanol, f ilt e r in g , and drying.

*H NMR (CD3 OD):

6

2.06, 2.35

(b, 2 -CH3 ); 3.33, (s , N(CH3 ) 3 ); 4.98, (b, -CH2 -N -); 6.48, (b, Ar-H).
13c NMR (CD3 OD): 6 15.52, 17.47 (2-CH3 ); 54.22, (N(CH3 ) 3 ); 62.16,
(-CH2 -N -); 115.11, 116.11, 137.61, 147.93, 156.24 (A r-C 's).
DTA and TGA are shown in Figure 5-1 and 5-3, respectively.
Anal. Found: C, 58.73; H, 8.28; N, 5.39; Cl, 13.89; 0, 13.51.
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Preparation of trimethyl ammonium derivative of chioromethylated
polysulfone, 23.
10 g (0.0298 eq. -CHgCl) of chioromethylated polysulfone
with an average of 1.54 -CH2 CI per repeating u n it, 104.8 ml of
25% methanolic trimethyl amine solution, and 300 ml of methanol were
mixed in a sealed 500 ml round bottom flask.

Under vigorous

s tir r in g , the solution became g e l-lik e a fte r 3 hours, and became a
clear solution a fte r 6 hours.

This clear solution was stirred for 48

hours at room temperature, and thus placed into a 50°C waterbath for
another 12 hours.

12.06 g of 23^were obtained a fte r removing

excess reagents and purifying from methanol.
6

NMR (CD3 OD):

1.75 (s, 2 -CH3 ) ; 3.2 (s, N(CH3 )3 ); 4.62 (s, -CH2 -N -);

6 .8

- 8.0 (m, A r-H 's).

nmr is shown in Figure 5-2.

DTA and TGA are shown in Figure 5-5 and 5-7, respectively.
Anal. Found: C, 63.27%; H, 6.52; N, 3.15; C l, 8.22; S, 5.01; 0,
13.75.
Preparation of trie th y l ammonium derivative of chioromethylated
polysulfone, 24.
In one l i t e r round bottom flask equipped with magnetic s tir r e r ,
10 g (0.0298 eq. -CH2 C1) of chioromethylated polysulfone (1.54
substituted) and 20.78 ml (0.149 mole) of trie th y l amine were added
into 200 ml methanol-THF mixture (20:80).
at 50°C in a waterbath.

The flask was maintained

The solution became turbid a fte r 9 hours; a t

th is point, enough methanol was added to redissolve the precipated
polymer.

Methanol was continuously added into solution as soon as
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the polymer precipated, until no more methanol was needed. The
mixture was allowed to s t ir at 50°C for 72 hours.

A fter removing the

excess reagents by simple d is tilla tio n and purifying by redissolving
in methanol

and drying, 13.21 g of 24 was obtained.

^-H and 13C

NMR spectra

are shown in Figure 5-7 and 5-9, respectively. DTAand

TGA are shown in Figure 5-5 and 5-6, respectively.
Anal. Found: C, 65.32; H, 7.50; N, 3.01; Cl, 7.68; S, 4.62; 0,
11.67.
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